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CHAPTER 1
INTRODUCTION
1.1 Introduction

In the Early Intermediate Period (100-800 A.D.) a regional culture emerged on the north
coast of Peru in the Moche Valley. An advanced society in terms of art, religion, ceremony, and
technology, the Moche left a mark on their landscape consisting of ample amounts of pottery,
massive structures called huacas, elaborate burials, and irrigation canals. The environment they
flourished in is one of extremes, from high deserts in the Andes to lush river valleys with river
water flowing to the Pacific Ocean. In this harsh environment the Moche succeeded because of
how they creatively used the opportunities that the environment provided to their benefit [Quilter
and Stocker, 1983].
South America is one of the few places in the world where complex societies have
developed without any outside influence, and coastal Peru is no exception. Around 6000 B.C.
populations on the coast of Peru were using the highlands, the river valleys, and the Pacific
Ocean for resources, later moving to smaller settlements near the coast [Quilter and Stocker,
1983]. Not only did the Moche exploit terrestrial resources for agricultural demands, but there
was also a heavy reliance on the sea for protein.

As time advanced, irrigation networks

developed and populations grew, leaving a larger population more dependent on a terrestrial food
system.
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1.2 Human Adaptation to Environments

The interaction of the natural environment and human cultures defines the cultural
landscape of a region and can provide insight about resource allocation and ecosystemic services.
The stability of a landscape is measured by its resistance to disturbance and ability to repair itself
from these disturbances [Sivertsen and Lundberg, 1996]. If a system is burdened with forces that
exceed its ability to regenerate, the landscape will be either temporarily or permanently
degraded. On the slopes and valleys of Peru the landscape has been permanently altered from
human activities, with intentional and unintentional consequences, and we know now that more
of the landscape was used in the past than it is today [Erickson, 1992].
Cultures heavily involved in agriculture seek to maximize their use of the environment in
order to keep production high and feed a growing population. However, ensuring long term
stability of these resources requires a complex mixture of management, adaptation, and
allocation of resources with time. Specifically in arid landscapes there is high potential for
productivity if water can be secured [Moran, 1982], as is the case of the Moche in the desert
coast of northern Peru. There are three different forms of environmental adaptation for farming
systems in arid environments: 1) domination of the environment; 2) active adaptation to the
environment; and 3) passive adaptation to the environment [Sandell, 1988]. These approaches
require different technologies. For instance, passive adaptation for water allocation in farming
would rely solely on rain-fed agriculture, whereas active adaptation would develop local
irrigation systems, and domination would involve transporting large amounts of water over great
distances [Sandell, 1988].
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Written in the first half of the seventeenth century, Father Bernable Cobo’s extensive
attention to detail in his Historia del Nuevo Mundo (History of the New World) has provided one
of the most valuable accounts of the Moche Peruvian culture and environment. A short quote
from Roland Hamilton’s translated version of his work provides insight into the harsh climate
that the Moche were able to adapt and flourish in: “…on the coast of Peru it does not rain and
there are only a few rivers in comparison to the large amount of fertile land that could be planted
if there were plenty of water. The plains of the coast extent from north to south for more than six
hundred leagues and are from ten to fifty leagues wide. Because of the lack of water, not a
twentieth of this large stretch of land is productive (Cobo 1580-1657) [Hamilton, 2008] ”. The
climate of coastal Peru has not drastically changed since the time of the ancients. This is
supported by the ample amounts of textiles, adobe structures, and mummies that could not have
survived in anything other than an arid climate [Kosok, 1940]. The Moche’s remarkable success
in surviving this harsh landscape makes their management and adaptation practices important to
understand.
In all of human history the greatest transformation to the environment has been the
introduction of agriculture [Redman, 1999]. Domestication of plants and animals allowed for
stability of food sources, alleviating constraints that previously limited population growth,
societal structure, and a greater interdependence between specific cultivars and the human
cultivators [Redman, 1999]. Intentional efforts to grow food diverted natural waterways and
changed the ecology downstream, soils have been altered intentionally and unintentionally, and
predatory animals that threatened livestock were hunted near extinction, all in an effort to make
the landscape more productive. This cultivation of the land also allowed for congregations of
settlements and the promotion of the first villages and sedentary settlements. Today these
3

massive movements are reaching exceptional levels with the increasing number of people living
in cities.
For the west coast of Peru, the agricultural activities of the Moche were subject to
infrequent and severe rains associated with El Niño. These produced flash floods that completely
wiped out fields and irrigation networks as water swept down the slopes and river valleys of the
Andes.

Furthermore, offshore currents changed under El Niño, affecting the species and

distribution of marine resources that the culture relied on for protein. There is evidence that the
Moche adapted to these events through replanting efforts and numerous renditions of rebuilding
irrigation canals [Kus, 1984]. These ecological engineers used terraces and raised-bed agriculture
to create flat surfaces with complex water distribution networks that conserve water and soil
during times of environmental stress such as flood or drought [Erickson, 1992]. It has been
postulated that the Moche knew of these cyclical El Niño patterns and were prepared prior to
their onset [Cromie, 1980].

Research has been performed indicating that the agricultural

methods used on the coast were able to withstand drought and flooding better than traditional
row planting regimes as seen in the region today. The cultivar selection of the ancients used
native varieties of plants that were adapted to the ecology of the region, whereas today the
predominant crop is sugarcane. However, human adaptations in the region today are just as
subject to environmental disturbances as gravity fed irrigation was for the Moche. These landuse patterns are evident in the archaeological record and more recently, through remote sensing
data and analysis.
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1.3 Moche Archaeology and Remote Sensing

Remote Sensing in its most basic sense is the observation of an object or phenomena and
drawing conclusions about it. In many ways this is how remote sensing was first applied in
archaeology, with the use aerial photographs flown on airplanes. Archaeology takes advantage
of multiple types of remotely sensed data to identify landscape characteristics that may indicate
human occupation in the past. The goal of image processing for archaeology is to extract
patterns in the data that link to ancient human remains. In fact one of the earliest applications of
remote sensing was used by Tosi who used aerial photography analysis to map the natural life
zones of Peru [Tosi, 1964; Brush, 1976]. More recently in Peru, remote sensing data has been
used to detect buried adobe structures [Masini et al., 2008], for constructing 3D models of sites
[Lambers et al., 2007], and spatial reconstruction of pre-Hispanic irrigation using aerial
photography [Eling Jr, 1986]. These and other studies around the globe provide methodological
insight for best practices when using satellite data in archaeology.
1.4 Goals of this Study

The primary goals of this study are to 1) test different methods using high resolution
WorldView-2 imagery and Geographical Information Systems (GIS) to identify and extract
archaeological features associated with Moche on the north coast of Peru in the Chicama River
Valley, and 2) enable local authorities to assess, monitor, and protect cultural resources. To
address these goals I propose to use traditional classification methods including k-means and
ISODATA (see section 4.4.1), and then a refinement of remote sensing methods incorporating
new feature extraction methods. The basic principles of surface reflectance here will be used to
determine the best parameters to incorporate into these remote sensing analyses for locating and
5

monitoring archaeological features. The results of the satellite image analysis are supported by
field surveys. The value of this application of remote sensing in archaeological research will be
demonstrated through a technical description of density of human occupation during the years of
the Moche 100 A.D. to 900 A.D.
Specific Objectives
The following are the specific objectives of this thesis:
1) To assess current and historic land use in the Chicama Valley.
This objective provides a characterization of the study area. Further information about the
surface types will be identified using the Normalized Difference Vegetation Index.
2) To test the applicability of high resolution multispectral satellite data in locating the extent of
archaeological features associated with the Moche.
This objective will be met by first identifying the wavelengths that best represent the
coastal landscape. This step includes the preprocessing of the satellite imagery to obtain
the precise information about the Chicama valley gathered by the satellite sensor and the
hands on application of remote sensing data and GIS to isolate archaeological
phenomena. The image processing techniques that will be used to detect archaeological
features include k-means and ISODATA classification schemes, and Feature Extraction
an object based classification method.
The results of this thesis will advance the knowledge for archaeological surveys and
provide local authorities with a method for monitoring cultural heritage. Efforts to correctly
identify and find archaeological features can take extensive resources before any actual
6

excavation can take place. A method for locating structures (huacas) associated with Moche
occupation can save valuable time and money, decreasing the resources spent locating potential
sites prior to excavation. The methods in this thesis describe the application of remote sensing in
the Chicama River Valley, but can be replicated anywhere cultural resources are threatened. It is
expected that this will promote the use of such technology in other archaeological efforts and
other countries where archaeological remains are located.
1.5 Organization and Structure of Thesis

The chapter will address the general cultural history and environment of the study region.
Chapter 2 elaborates on the past and current land use, agricultural technology, Moche society and
religion, and provides a characterization of the environment and ecology. Chapter 3 reviews the
physics of remote sensing and the relationship of satellite data with measuring ground
parameters. The basic principles of remote sensing and theoretical justification of my methods
will be discussed.
The methodology is discussed in Chapter 4. This will include an examination of the
sensitivity of different wavelengths to surface parameters, a discussion of the data sources and
processing techniques. This chapter will also include an evaluation of the performance of the
sensor used in this study and a discussion about the limitations, advantages, and uncertainties in
the analysis. Lastly, Chapter 5 summarizes the major findings of this research and describes
recommendations for future work.
1.6 Conclusions
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The history of the Moche and the Europeans that colonized the arid north coast of Peru
has left an indelible mark on the landscape. The Moche adaptations to the environment are so
impressive that they can still be seen today but are constantly under threat. This cultural history
is a non-renewable resource and is quickly being lost to looters and those tearing down the old
monuments. In a water scare region the Moche performed some of the most creative agricultural
ingenuities and flourished in a harsh climate. Let’s now examine the impact they had on the land
and how current communities are adapting in new and different ways.
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CHAPTER II
CULTURE HISTORY & STUDY REGION
2.1 Introduction

This section contains information on Mochica predecessors and the cultures that came
after the Moche, setting the context in which the Moche developed, and what happened in the
region after they were gone. Also reviewed are the predominant theories on the structure of the
Moche polity and society, as well as the relationship of agricultural technology with the spread
of the culture, with an emphasis on the importance of this technology for the expansion of the
Moche state. This chapter will include information on the ecology and climatology of the region
of study in Peru and the settlement distribution of the Moche. Finally current land use is
discussed to provide information on how the landscape has been modified over time and make
the case for the importance of understanding human adaptations to the environment.
Additionally, different methods for obtaining information about prehistoric environmental
exploitation and the benefits of using remote sensing will be discussed. In order to understand
the cultural history of the Moche one must see through the eyes of an archaeologist.
Reconstructing a timeline of events requires a study of architecture, cultural remains, and burial
patterns all of which paint a picture for the size and structure of pre- and post- societies.
It is clear that by 100 AD a specific style of ceramics indicative of a larger civilization
emerged along the north coast of Peru that has been grouped and termed Moche. The origin, size,
and influence of the Mochica culture is highly debated but there are two predominant arguments
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about the structure of the society. One focuses on their development as independent polities in
the northern valleys, with little or no centralized political governing authority. This theory
stresses the powers of ceremony and religion as the main factors that held the society together.
The other sees the Moche as the first state society in South America, highly centralized with a
hierarchically organized political system. This argument focuses on the importance of irrigation
and canal construction, maintenance, and management as the building blocks for the formation
of a centralized polity. Both arguments, very different, are equally valid and have archeological
evidence to support their claims.
2.2 Pre-Moche Cultures

The Moche were not alone on the north coasts of Peru. Many of the local traditions that
came before the Moche contributed to their cultural identity. Pre-Moche societies developed in
individual river valleys separated by large stretches of highland desert. Some of the most notable
groups are the Viru, the Cupinisque, the Wari, and the Tiwanaku, all of which ruled different
geographical areas and had separate spheres of influence [Castillo, 2007]. There is debate as to
which culture contributed directly to the society we define as the Moche. Links have been made
between some of the river valley cultures near the Moche valley through analyzing the
architectural patterns and pottery methods found at known Moche sites [Millaire, 2010].
However it is unknown whether these cultures became the Moche, or if the Moche emerged as
their own entity after successful expertise and refining of trade and agricultural techniques.
Because of these technological innovations the Moche saw a large population expansion, an
increase in irrigation networks, and an increase in the number of settlements. The north coast of
Peru is composed of a series of 15 major river valleys interspersed between the mountainous
deserts of the Andes, all of which border the Pacific Ocean. The entire northern coast including
10

the valleys and the desert are where the archeological remains of the cultures are located. Their
remains litter the landscape.
People were living in Andean valleys as far back as 2500-1800 B.C. These societies are
evident in large architectural remains big enough to support a complex society. Some of the
earliest settlements can be found along the coast where they built large pyramids and mounds out
of stone, with ornate decorations and containing evidence of various rituals [Stanish, 2001].
These societies primarily relied on the sea for food but they did actively participate in floodplain
agriculture. This reliance on flood waters for cultivar production severely limited the capacity for
agricultural expansion. The only evidence for agrarian activities point to growing cotton for use
in simple textile making, such as fishing nets. These were used on the coast to obtain a regular
protein source from the ocean. In addition to textile production, various squash, beans, pepper
cultivars were grown, along with fruit trees such as the avocado. Again, the crops relied on the
seasonal flooding of the freshwater in the river. Fish and shellfish provided the largest caloric
intake. The importance of the ocean for sustenance is seen in the archeological record of plant
domestication where cotton was highly prized for making netting and gourds were grown in part
to use as flotation devices in fishing [Pozorski, 1979]. Marine resources were definitely the
primary food source in these coastal sites, but the people also took advantage of small scale
cultivars and foraged sources [Pozorski and Pozorski, 1990].
Irrigation agriculture began in the valley interior around 1800-200 B.C. when permanent
settlements away from the coast began to develop. These settlements inland represent a very
wide distribution of living situations, showing adaptation to different ecological zones, where
access to marine and terrestrial resources varied significantly. Resource use of subsistence
communities in the region can be divided into two categories, at the community level and at the
11

household level and each developed strategies of specializing, allocating, and sharing resources
that may be difficult to access [Brush, 1976]. At this time the coastal communities and the valley
interior settlements seem to work together almost as a unified economy would, with the sea
providing shellfish protein and inland communities providing fresh vegetables and protein from
land animals [Pozorski and Pozorski, 1979]. While there is still evidence for a large reliance on
the sea for protein, an exchange system between communities in different locations was
beginning to form.
Inland monuments called huacas began to be constructed as the society grew wealthier
from these trade networks. Huacas were generally ceremonial sites for the population to visit and
pay homage to their gods and ancestors. The increasing variation of the Moche diet provided
caloric stability that was transferred into the construction of monuments [Billman, 2002]. At this
time however there is no indication that a state capital or centralized regional political center
existed. Instead, various settlements of different sizes were located along the coast and in the
interior, without any larger state development.
The Early Intermediate Period 200B.C.-600A.D. saw increased development in the form
of large permanent settlements, pottery and ceramics, organized food production, and most
importantly, the onset of more advanced irrigation technology. The settlements located away
from the sea with a reliance on an exchange network indicates a shift in the needs and priorities
of the society. With the onset of irrigation, reliance on seasonal flooding was no longer necessary
and more areas were open to agricultural production year round.

Establishing permanent

settlements required keeping trade networks open with the coast, but also choosing a location
based on controlling agricultural and irrigation systems [Pozorski and Pozorski, 1979].
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Settlement locations were chosen based on three main criteria, 1) maximizing agricultural
land, 2) minimizing cultivation efforts, and 3) administrative efficiency [Conrad, 1977]. Large
quantities of major crops are found in deep midden piles near settlements containing seeds from
squash, cotton, gourd, peanuts, and beans [Pozorski and Pozorski, 1990]. The increase of these
foods in the diet show evidence of a heavier reliance on agriculture, but trade with the coast was
still an important component of the diet. With this strong foundation of sea protein and an
agriculturally supported society more structures were built to support the growing population and
the landscape was further altered. Without maps of the exact locations of irrigation networks,
these settlements can provide an idea of how the landscape was modified and how the Moche
adapted to this deserted area. Likely, the interaction through trade networks of coastal areas with
more inland populations inter and intra valley began to contribute to a shared culture and
common identity. It is in this context that the Moche emerged as the dominant culture on the
Peruvian coast and in the river valleys.
2.3 Moche Culture History

This section continues the discussion of the characteristics of northern Peruvian cultures
and reviews the dominant theories about Moche formation. A description of the Moche is
provided with aspects of a traditional ethnography. Specifically reviewed is the society in terms
of religion, art, and technology. The evidence supporting the two predominant theories about
Moche society, the theory of the Moche as a unified state, and that of the Moche as loosely
associated city-states is also discussed. Finally a brief review covering aspects of post-Moche
cultures relevant to this thesis is included.
2.3.1 Introduction
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The Moche can be understood as adaptors that did very well in a coastal environment,
where they used the vast resources of the sea as well as irrigation technology located at inland
communities to feed a growing population. What is generally regarded as the largest centers for
Moche ceremony and ritual are found in the Moche river valley, however their settlements and
influence go far beyond this river valley. The Moche are generally considered to exist as far
north as the Lambeyeque Valley and as far south as the Huramay valley. Today, this roughly
corresponds to the area north of modern Lima and south of Piura. Figure 1 depicts the area of
Moche influence [Chapdelaine, 2011].

Figure 1: Moche Distribution [Chapdelaine, 2011]

There is a debate whether the Moche society developed as a fully functioning state or if
many Moche states simultaneously emerged in Peru in the Early Intermediate period [Quilter,
14

2010]. The theories about their rise follow different threads, one that sees their origin happening
in several places in multiple valleys, harmonized by shared ceremonial practices which
eventually contributed to a society that was unified only in ideology but not necessarily
politically or economically. While the definition of what a state is vary greatly, in general the
social organization that contributes to the formation of a state include specific elements including
an institutionalized form of leadership, hierarchical administrative structures, fixed territories,
and some sort of tribute system [Billman, 2002]. Some of these characteristics can be inferred
from archeological remains, including massive pyramids, iconography, sophisticated metalurgy,
pottery, and art containing reference to warfare.
The extent of a centralization of Moche political organization is not known. Nor is it
known with certainty if the individual Moche communities in the river valleys acted
independently of one another politically or were united in a shared religion and culture. There
are large and elaborate sites that indicate the presence of a city at one time and later evidence of
the abandonment of these large settlements into smaller centers, all of which display the same
cultural qualities and construction techniques. While the political structure of the Moche is not
definitively known, the one unifying theme between the prevailing theories of Moche state
formation is the intrinsic link of the influence of irrigation technology on the emergence and
success of the Moche. The introduction of irrigation created more opportunities for wealth that in
turn began to contribute to more social order and cohesion amongst those using this new
technology.
2.3.2 Society, Population and Religion
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Some of the most defining features of the Moche come from the ceramic remains. As
early interactions between coastal and inland communities coalesced into a larger regional
theme, ideas and ideology crossbred between valleys, and these styles are seen in the art and
architecture. Specific styles of pottery, elaborate textiles, and detailed metallurgy of gold,
copper, and bronze are traits that are associated with the Moche. They also left behind massive
pyramids and architectural complexes, called huacas, all of which have a distinct style about
them that categorizes them as Moche, and is the first clue to the ancient existence of a regional
entity. These remains give us an idea of the society’s values and religion, as well as the extent to
which the Moche modified their landscape. There are hundreds of these huacas that dot the
landscape, but few have been excavated [Tom Sever, personal communication]. Many have
been plowed over by modern day cultivators, some are buried, and some are clearly evident on
the landscape from the naked eye.
The art depicted on the ceramics contain imagery of ideology as well as everyday life.
They have a distinctive ceramic style depicting faces and bodies of humans, with the most
famous pottery being pornographic in nature. The Moche rituals that appear show a culture that
was constantly trying to appease their pantheon of anthropomorphic gods; the pottery style is
distinctive in creating figurines with clay. The art is bloody and reeks of a reverence of a human
sacrifice ceremony involving the severing of limbs and bodily manipulation [Quilter, 2010].
Interestingly, there is the unique appearance of a female priestess in a sacred act associated with
the sacrifice ceremony [Castillo, n.d.], the most revered ceremony of the Moche. Warfare is
depicted in art, but whether in reference to symbolic warfare or actual battles is unclear. Moche
remains are all over the coast, and ceramic sequences have been conducted on numerous
occasions, only to create more complexity as to exactly the composition of the Moche.
16

There are three prevailing theories about the structure of the Moche society, 1) as a
centralized, territorial driven state, 2) a centralized southern and decentralized northern state, and
3) a valley based system where each valley and the settlements within had no overarching
administration [Quilter, 2010]. In previous literature the debate has centered around the Moche
as unified and exhibiting centralized power, and another that views the Moche settlements as
independent local agents that are unified in shared cultural practices such as ceremony and
technology.
When viewed as unified polity, the Moche are regarded as the first state society to exist
on the Andean coast. This is partly due to the large stone huacas that are all over the coast and
inland areas. These large structures are referenced as evidence of management and state
governed construction. The term huaca is generally applied to any structure remaining on the
northern coast, but the purpose of each structure was different. Two of the most famous
structures, Huaca del Sol and Huaca de la Luna are usually referred to as the two ‘capital
buildings’ of a central Moche city located in the Moche valley, which some scholars believed to
be the heart of the Moche state (see Figure 1). In addition to a stable food source, structures like
these would have required massive amounts of labor and organization to build. Further support
for an organized state come from scholars who have argued that the irrigation networks
themselves show a need for management, maintenance, and construction, activities that can only
be accomplished by a larger political entity [Billman, 2002]. The management of resources and
building of structures on such a large scale is cited as the impetus toward a highly centralized
state which engaged in war, trade, and exercised political prowess [Stanish, 2001; Billman,
2002].
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Midden analysis [Pozorski, 1979] and labor estimates for carrying capacity and canal
construction [Moseley, 1983; Billman, 2002] do not provide clarity as to whether communities
shared resources and labor between valleys, or if canal construction was limited to the
inhabitants of the valley dwellers who would be using it. The number and distribution of huacas
can give us an idea of the number of people supported in the valley. However, we do know that
the onset of larger irrigation canals contributed to an explosion in population due to the increases
in agricultural production. Larger seed size and seed numbers are found [Pozorski, 1979],
leading to the conclusion that more produce was adequately watered, producing larger fruits and
overall more food.
While irrigation networks and large structures may point to an organized society, material
remains of the Moche culture simultaneously support the theory that the Moche was not a unified
state, rather a series of independent actors unified in religion and ritual. This interpretation is
primarily promoted in reference to the valley based variations in the ceramic sequences that
make defining the Moche such a difficult task. Leading authors on the Moche such as
Castillo[Castillo, 2010] and Quilter [Quilter, 2002, 2010] have cited interruptions in the Moche
ceramic sequence in certain valleys as indicators that there was a lack of overarching political
leadership across the valleys that the Moche inhabited.

Furthermore, elaborate burials in

northern valleys such as Sipan in Lambayeque have made scholars question the idea of a Moche
capital. As more Moche remains are properly excavated more diversity is being revealed,
especially in the northern reaches of Moche sphere. As of now, the diversity represented in the
north could very well occur in the south too, after further investigations occur. These changes in
the Moche style between valleys could be a reflection in the variations of the political and social
order between valleys, meaning that each valley could have been its own political unit.
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Largely there are two bodies of evidence that suggest different organization structure of
the Moche, 1) Economic-inferred through the presence of large structures and 2) Cultural -as
seen in different ceramic sequences found in different valleys. There is no reason that there
couldn’t have been a centralized political power that had a role in organizing the economic life of
the region while the local valley settlements had wide discretion in their cultural practices.
2.3.3 Economy, Technology, and Agriculture

Agriculture was introduced on the coast of Peru as early as 2500 B.C. with evidence of
floodplain farming [Pozorski, 1979]. These methods continued until roughly 1000-200B.C. when
settlement patterns suggest the beginning of simple canal irrigation, but marine resources
continued to be the most important source of food. As irrigation systems were refined after 200
BC, communities turned away from floodplain agriculture and begin relying more on terraced
farming. It is around this time that the Moche began practicing advanced forms of irrigation
technology. Instead of short canal segments, longer extensions were incorporated to expand the
amount of land under cultivation and aqueducts were constructed to enhance water allotment.
Initially, the Moche continued the tradition of coastal and terrestrial community reliance on one
another. They may have even kept specific coastal settlements to maintain marine resources
during the initial shift inland, with colony like operations set up on the coast to supply meat to
terrestrial communities [Pozorski and Pozorski, 1979]. However, as irrigation technology
developed and agriculture expanded, the Moche seem to prefer living further inland and saw a
decline in marine resources consumed and increased reliance on terrestrial meats for protein
[Pozorski, 1979]. Pozorski noted standard processing techniques indicating a systematic and
reliable meat supply in production, a major shift away from the coast did occur. This shift could
have been forced due to a decrease in marine protein availability, or a simply a preference for
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living inland nearer agricultural production. In another paper Pozorski notes that some coastal
sites that did not have the capacity to participate in agriculture do have plant remains, meaning
that plants were grown elsewhere and brought to the site. This is again indicative of some sort of
exchange system, sharing goods across environments where access to specific resources was
limited.
Did technology influence the spread of the culture we call Mochica or did the culture
spread the technology of irrigation? Regardless, irrigation technology and efficiency of canal
construction is by far one of the most important events in all of Peruvian history. Not only does
this technology help define them, but it also laid the groundwork for societies to flourish after
[Quilter, 2010].
2.3.4 Ancient Irrigation Technology

Agriculture has always dominated the valleys of the ancient Peruvian landscape, just not
such an industrialized form we see today. Pre Hispanic farmers met the challenges of carrying
water long distances over irregular terrain and successfully farmed for hundreds of years before
the Spanish arrived [Nordt et al., 2004]. It is evident that the Moche deliberately modified their
environment for agriculture, especially terracing, irrigating, and engineering raised fields
[Contreras, 2010]. The high slopes and rivers emerging from the Andes spread gravity-fed
irrigation systems. These extensive irrigation networks spanned out hundreds of kilometers from
the river, and some even attempted to connect irrigation between neighboring river valleys.
In the years between the onset of irrigation and Moche technological prominence,
techniques for construction and maintenance of canals were refined. Moche irrigation networks
were extensive, with multiple systems per valley, at lower, middle and upper valleys. They were
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so adept at these activities that some of their canals lie outside of the borders of modern
cultivation [Park, 1983; Ortloff et al., 1985]. Over time the canals were rebuilt and engineered to
respond to environmental hazards, primarily severe erosional events due to flooding and intense,
infrequent, extreme rains. After the Moche collapsed, the cultures that populated the region once
constructed and enhanced the existing canal system already in place. The basic hydraulic
engineering principles used came from a foundation the Moche provided.
The Moche and the cultures that followed employed different methods for construction
depending on what the landscape required and allowed. There are two main classes of canal, 1)
unlined parabolic shaped induced by effects of water flow, and 2) generally trapezoidal shaped
canals lined with cobbles set in adobe mortar [Ortloff et al., 1985]. Generally, cobble was
applied only to the banks of a canal, and stone slabs used to make a bed lining, systems were
usually regulated only at field intake [Farrington, 1980]. The engineers who designed these
canals seem to have had a very thorough understanding of water transportation along vertical
gradients. The channels that were originally cut were intentionally wider than necessary for the
flow rates required on different fields, a stable channel forming within the wider cut based on the
natural flow of the water. In this system water is diverted from the river to distribution canals and
then distributed into fields by irrigation ditches [Nordt et al., 2004]. Depending on the
topography of the area the engineering of the canal width and flow rate shifted with canals
located in the valley floor, the slopes, and into the highlands.
The canals were distributed vertically in the lower, middle, and upper parts of the valley
each of which exhibit variations in soil, topography, and vegetation patterns. The three broad
categories farmed by prehistoric people, 1) are the areas next to the river system itself, 2) upper
terraced lands of the area within the floodplain, 3) the sides of the valley [Park, 1983]. The
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channel width, composition, and geometry would vary depending on the topographic
requirements and the amount of water needed on the fields. This vertical distribution network has
lead some scholars to propose the requirement of some sort of water management system, due to
the fact that all canals cannot simultaneously operate [Dillehay and Kolata, 2004]. Farmers in the
lower parts of the valley would be at the mercy of those in the upper valley. Especially in years
of drought this could be a potential conflict in resource allocation that may have required
additional oversight. There is a large amount of evidence of regular cleaning and rebuilding of
canal segments [Kus, 1984] in order to insure regular water to the burgeoning agricultural
economy.
While pre-Moche cultures practiced some harvesting and cultivation of plant materials,
the Moche increased the amount of agricultural land from the vastly expanded production
capabilities. It is likely that techniques for plant cultivation were well developed by the time
expansive irrigation networks were being used due to the wide variety of plants found [Pozorski,
1979][. Unlike their ancestors, the Moche did not only take advantage of crops that could help
them exploit marine resources, such as cotton for netting and gourds for flotation devices, they
also began to grow squash, beans, and peppers, all of which were abundant. This time in history
also saw the introduction of two of the most important food crops in Latin America to this day,
maize and the peanut; even though they were in their infancy, a few cobs are found in excavated
midden piles [Pozorski and Pozorski, 1979]. In addition to annual vegetable crops, other
important perennial food crops were cultivated such as the avocado and the cansaboca, a plum
like fruit [Pozorski and Pozorski, 1979]. The Moche also took advantage of wild plants,
especially cane and grasses from the river, many of which were burned as fuel. Because of
irrigation technology, the Moche saw a population expansion, increased agricultural efficiency,
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and an overall explosion of wealth. Inter valley communities shared resources through trade and
intra valley communities may have developed a water management system to cope with precious
resources.
In summary, the Moche expanded and lengthened existing irrigation networks from the
cultures that preceded them. They coordinated labor in some way for the construction and
maintenance of such activities, but the scale of which is unknown. They were technologically
savvy in the ways of irrigation and laid the groundwork for future peoples to expand and
improve upon. These advances in irrigation helped diversify the diet and increase the population,
expanding the labor pool and ultimately spread the Mochica culture itself.
2.4 Discussion

Was the Moche the first state society in Andean pre history? This question is out of the
scope of this research. However, it can be said that it is evident that irrigation and the spread of
the culture are instrinsically linked. Without the wealth that resulted from a steady and
continually growing food supply, dissemination of ideas and the development of a dominant
ideology would not have been possible. Just as their origins of the culture are unknown so is true
of the Moche collapse. Sometime around 800 A.D. major settlements were abandoned, the cause
and timing of this shift is unknown [Castillo, n.d.]. Because of the multiple theories of Moche
formation, the particularities of their collapse are just as complex. If one believes that multiple
separate valley states composed the Moche, then each would have had to fall at different rates at
different points in time. It has been postulated that a combination of flooding, saltating sands,
and aggressive Inca interests contributed to the downfall [Moseley, 1978, 1983]. Others have
speculated that a large El Nino event contributed to the destruction of vital infrastructure and
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settlements were slowly abandoned [Chapdelaine, 2011]. Defensive structures have been found
around irrigation networks and settlement, indicating a threat from outside of the civilization
[Castillo, 2010]. Was the Moche conquered by an outside force? Was it even unified to a point
of conquering? Did the harsh environment outwit the engineers who designed the efficient
network of irrigation canals? Was their downfall the result of an internal conflict or an external
force? These questions are still unanswered. With certainty it can be said that the Moche
dominated the Peruvian coast for at least seven centuries. By the end of their reign, the Peruvian
north coast had been drastically altered with most of the lands on valley side sites had been
cultivated by the expansion of canal systems [Park, 1983]. Huacas covered the landscape, and
resources were being used at a rate that had not been seen before in this region.
2.4.1 Post Moche cultures

The exact date of the Moche demise is unclear, but the cultures that followed continued
to improve the strong foundation in irrigation by connecting canal networks between the coastal
valleys and developing new technology [Kosok, 1940; Farrington, 1980]. After 1000 AD major
advances in technology appear in the form of large overflow obstructions, showing adaptation in
an environment that is irregularly plagued by severe flooding. These are seen especially in
aqueducts located in deep ravines designed to reduce the pressures of flooding. Furthermore,
‘crescent-shaped, fieldstone sandbreaks’ were built to limit damaging saltwater intrusion
[Dillehay and Kolata, 2004]. The most contentious and famous irrigation undertaking was the
building of the Moche-Chicama intervalley canal system. There is a large amount of debate on
the intention of the canal, how it was used and whether it was used at all, and even debate on the
timing of the construction. Was this canal built in response to drought [Kus, 1984]; was it ever
used [Pozorski and Pozorski, 1982]; did it carry water north [Farrington, 1983]? Even with all of
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these questions it can be considered one of the greatest technological feats in pre Hispanic Peru.
Just prior to the Spanish introduction, large stone water storage systems were built associated
with the inter valley canal project by the most famous and short lived of all the ancient Peruvian
cultures, the Inca. In this developed landscape the Spanish found cultures participating in
agriculture, negotiating rugged terrain to feed a bursting population. The creative use of land
highlights the ingenuity of these prehistoric people, and emphasizes the need for continual
adaptation in response to an unforgiving environment.
2.5 Study Region

Peru is located on the western side of South America and borders Ecuador and Colombia
to the north, Brazil and Bolivia to the East, and Chile to the south. There are three broad
ecological categories that make up the Peruvian landscape, coastal plains, Andean highlands, and
lowland tropical forests of the Amazon Basin.

Figure 2: Peru Elevation (m)
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The stark contrast in ecology is directly related to the topography of the region, where the
rain from Brazil’s Amazon falls on the east side of the Peruvian Andes, keeping the western
coast arid and in a perpetual desert like state. This arid coast bisects one of the richest marine
resources in the world, where ocean currents bring nutrient dense waters and fish from deep
waters upwelling to the surface. The north coast of Peru can be seen as a long desert that is
frequently interspersed by river valleys. From the mountains a network of rivers flow northeast
to southwest into the Pacific Ocean, it is in these valleys where ancients practiced agriculture and
refined irrigation techniques and where this study takes place.
2.5.1 Geography and Topography

From the coast at sea level, elevation steeply climbs into the Andes where peaks reach
up to 4000+ meters. Between the coast and the tops of the Andean peaks there is an abrupt reach
of the mountains: slopes on the coast are between 0-1%, immediately changing to slopes of 815% as the Andes climb up; as one continues to move eastward the mountains drop drastically
into the jungles of the Amazon. Peru’s geography is one of extremes, within which dense
jungles, arid coastlines, and rugged mountains dominate. The coastal area has some major
environmental constraints, including cold and dry areas with erratic rainfall and steep slopes. The
desert coast, where this study takes place, has sparse vegetation outside of the deep river valleys
that run from the Andes. The vegetation present today is primarily in the form of terraced,
irrigated agriculture within the river valleys. The steep ravines cut by the rivers compose very
unique and diverse habitats along the coast. The topography of the mountains is part of the
contribution to the arid climate of the coast, limiting moisture from the Amazon to reach the
coast, but it is not the only thing keeping the coast from receiving rainfall. A high pressure
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system offshore next to the Andes contributes strongly to limiting the amount of available
precipitation [Cromie, 1980].
2.5.2 Ecology and Climatology

There are two main governing climatic regimes in the area, one is related to the
topography and cold offshore currents, the other is caused by El Nino. The topography of the
country is directly linked to the number of ecological zones within it, it is the link that other
environmental variables such as rainfall, temperature, wind, slope, and drainage are tied to
[Brush, 1976]. Eight distinct ecological zones were postulated to form the country: Moving from
west to east these include the coast 0-500m is characterized

as cool, humid, with scarce

precipitation, the yunga 500-2300m is hot, dry, and very scarce of precipitation, the quecha
2300-3500m is temperate, with diurnal and seasonal precipitation, the suni 3500-4000m is cold
and dry with strong diurnal temperature variations and seasonal precipitation, the puna 40004800m is cold with large diurnal temperature changes, the janca >4800m is very cold, with snow
and frost, the Rupa 400-1000m is hot and humid with mild diurnal temperature variations and
year round precipitation, and the omagua at 70-400m is very hot and humid with heavy yearround precipitation [Zimmerer and Bell, 2013]. The coast, yunga, and quecua where this study is
located, receive virtually no rainfall, sandwiched between the strong offshore Humbolt current
and the peaks of the Andes that limit the amount of precipitation that falls. Because of these
constraints, the coast receives virtually no rainfall and average temperature reach daytime highs
around 90º F and lows around 50º F year round, average temperature is about 70º F [Kus, 1987].
During normal years the western coast is one of the driest places on Earth, temperatures are
relatively steady throughout the year and very little precipitation falls. But during El
Nino/Southern Oscillation (ENSO) years all of this changes. At this time the Pacific basin has
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elevated sea surface temperatures and torrential rains hit the coast, causing flash floods and
wiping out anything on the Andean slopes. The warmer sea temperatures bring different species
to the surface for fishing, but the strong rains wipe out fields and farms. This destruction of
fields doesn’t necessarily happen in each and every valley, or wipe out everything within one
valley, so ancient farmers were able to adapt with replanting and rebuilding efforts after the rains
passed [Farrington, 1980, 1983].
2.5.3 Settlement Distribution in River Valleys

In addition to agricultural engineering efforts, the ancients built many huacas used for
various purposes within the society. In each river valley along the Peruvian coast Moche
remains are all over the landscape. Almost every important center contains a huaca, usually
composed of two platforms, one large, one small, with limited access from frontal and anterior
ramps [Quilter, 2002]. The space between the two platforms is composed of burial grounds.
Like the Maya, the Moche continually built on top of existing huacas, constructing a new
monument on top of an old center. The rebuilding process is generally regarded to have been
related to a transition in leadership, or significant astronomical event [Quilter, 2002]. Primarily
huacas have been considered ceremonial in nature by previous scholars, but there is evidence
that two of the largest huacas, Huaca de Sol and Huaca de la Luna served as a small city
[Chapdelaine, 2011]. Recent isotope analysis has revealed indication of a permanent family
living at Huacas of Moche, presumably the elite rulers[Toyne et al., 2014]. Further excavations
and analysis will provide evidence for the exact function of the huacas across the Moche sphere.
Some of the most famous huaca excavations have occurred in the Chicama Valley, the most
notable being the El Brujo site located very near the coastal edge. The two main structures in this
complex Huaca El Brujo and Huaca Cao Viejo are large pyramids both built with adobes up to
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25 meters and decorated colorfully with geometrical designs [Mujica and Maio, 2007] These
two large pyramids made up the focal point of a larger urban Moche center, surrounded by
different shapes of mounts smaller and less complex than the large huacas [Mujica and Maio,
2007].
Settlements were not only located in urban center of the Moche. Many were situated in a
way for the Moche to optimize their use of irrigation and agricultural activities. Domestic
architecture for residence and agricultural processing was located near irrigation canals, with
clear views of fields and crops growing [Castillo, n.d.; Conrad, 1977; Chapdelaine, 2011].
Living situations were not in any way as grand or intricate as the huacas that dominated the
landscape. Generally the factors that contributed to settlement location, 1) maximization of
arable land, 2) minimizing the amount of labor required for cultivation, and 3) administrative
efficiency [Conrad, 1977]. Agricultural production and processing centers and homesteads were
located in the lower, middle and upper reaches of the valley. This study is located in one of these
fertile valley oases, the Chicama River valley.
The Chicama river valley is located on the north coast of Peru which lies across a harsh
highland desert. It is bordered to the north by the Jequetepeque River Valley and the Moche
Valley to the south. One of the largest rivers on the north coast, it boasts a wide alluvial that
almost reaches a width of 50 km before depositing into the Pacific Ocean. The maximum amount
of irrigable land is roughly 50,000 hectares making it the largest valley on the north coast [Kus,
1987]. Rains are deposited in the highlands frequently during the southern hemisphere summer
but rarely in winter [Contreras, 2010]. These highland rains feed each of the Andean rivers, the
size of the upstream catchment basin determining the amount of flow downstream, high flows
roughly January through May and low flow July to November. The lush valleys act as desert
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oases, flowing seasonally from the rains that fall in the highlands. The steep topography allows
for multiple ecological zones within the same valley and high amounts of biodiversity within
each. The ecological niches can be thought of as vertically distributed, with very little lateral
expansion of ecological zones; as one moves up in elevation different species dominate. This
vertical distribution contains a huge number of microclimates that largely impact cultivar
selection and crop distribution, true for ancient and modern day farmers. Local farmers identify
four major crop zones: 1) lowland tropical zone for coca, fruit, or sugarcane; 2) temperate grain
producing zone; 3) cool potato growing zone; 4) natural pastures [Brush, 1976].

Figure 3: Valleys of Peruvian North Coast [Conrad, 1977]

As the land and river continue to slope down from the Andes to the ocean, the fertile
alluvial plain provides arable land, much of which dominated by large scale agriculture today.
Inside of this area are prehistoric irrigation canals some are even outside of modern
cultivation[Kus, 1984; Eling Jr, 1986]. While the ancients did grow maize, it was primarily used
for religious purposes, reliance for caloric intake was much lower than it is today [Coe, 1994].
The modern day diet is much more dependent on grain than were the ancients, making land
tenure in the lower grain production zones competitive.
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2.5.4 Present Day Land Use

Within Peru’s borders is the origin of the Amazon River, 71% of the tropical glaciers in
South America, 25% of the aquatic ecosystems in the Amazon region it possesses 5% of the
world’s fresh water; the combination of all of these account for 4.6% of the volume of the
world’s run-off [Eda and Chen, 2010]. However the water supply does not necessarily reach the
most populated areas. More people live on the arid coast than in the mountains or jungle
combined. The most populated areas have the lowest available freshwater and the least populated
areas have the most water, and more people continue to move to the hyperarid coast. Dividing
the Peruvian landscape into three slopes, the pacific side, the Atlantic side and Titicaca, water
resources and population are related in Table 1:

Table 1: Water Availability in Peru

The pacific slope naturally has less water than the other portions of Peru, but also has a
higher population density that uses more water for agriculture, industry, and other domestic
demands. Not only is water supply an issue for Peru today, but also water quality. Domestic
wastewater, agricultural runoff, and mining activities are all polluting freshwater resources
downstream [Ortega and Hidalgo, 2008]. Stresses on the freshwater availability continue
throughout the year because of the relative stability of the coastal environment. Planting is done
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year round, meaning that neighboring farms can have sugarcane crops at completely different
growth stages regardless of the time of year.

Competition for water is increasing, pitting

upstream and downstream users against one another. Water availability is an issue vertically, but
so is pollution. In much of the Andes there has been an expansion of mineral exploration,
extraction, and road building that leach into freshwater resources [Lynch, 2012].
Into the highlands 3500-4500 feet terraced agriculture is present, all the way into the
steep peaks 4000-4800 feet some agriculture and hydroelectric generation activities are present
[Zimmerer and Bell, 2013]. As in the past, the location of irrigation systems of different sizes in
the valleys along the north coast is a result of the topographic and environmental challenges the
region exhibits [Netherly, 1984]. These systems worked to expand the reach of the river and
areas suitable for agricultural production. The three broad categories within the valley can be
divided as 1) the areas right next to the river system, 2) upper terraced lands of the floodplain,
and 3) the sides of the valley. All of the rivers along the north coast have seasonal flows, low
amounts of water between July and October and high amounts between January and March when
highland rains flow downhill [Park, 1983]. This changed growing regimes and cultivar selection
for ancient farmers constantly battling an unforgiving landscape. But modern farmers with
reservoir technology and ground water pumps do not select cultivars suited to the ecology of the
region, they grow cash crops.
Each river valley along the north coast has a specialty crop that dominates the landscape,
today the Chicama valley is dominated by the sugarcane industry [Tom Sever, personal
communication]. Sugarcane has a long history in Peru, it was introduced late 16th century and
has been a cash crop for Peru since the beginning of the industry[Klaren, 2005].
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Figure 4: Major Agricultural Systems of Andean Slopes (not to scale) [Erickson, 1992]

The Spanish introduction of sugarcane and other European commodities saw a huge shift
in products cultivated, but very little change in agricultural techniques up until the middle of the
19th century [Kus, 1989]. As sugarcane became the dominant crop, consumption was primarily
domestic, eventually shifting to international markets that fluctuated with internal and
international demand and politics. Like their ancestors, the people of Chicama today continue to
rely on the river to expand the reaches of areas suitable for agriculture through irrigation
however that is where the similarities in agricultural practices stop. Sugarcane is known to be a
heavy water consumer, originating in the humid tropics where moisture is abundant and sunlight
is limited, concerns with growing sugarcane in sunny arid areas bring up issues of overexploitation of available water resources, and salinization of soils [Cheesman, 2004].
Unlike their ancestors, the farmers today are tapping into groundwater to feed these water
hungry sugarcane monocrops, requiring some farmers to purchase a pump to make ground water
use efficient. Exposure to sunshine and wind increase rates of transpiration, with a crop of 100
t/ha expected to consume 750 mm water/ha [Bakker, 1999], hence the climate of the north coast
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of Peru makes sugarcane use that much more water than it would in its native habitat. Because of
the lack of coastal rainfall, lower valley water tables should be replenished by river runoff
[Moseley, 1983]. With increasing amounts of this surface water diverted for sugarcane coupled
with the use of ground water, this precious resource is stressed further. There have been major
structural changes in the irrigation systems including, 1) introduction of concrete canals; 2)
eliminating natural drainage of water through top soil to the water table, now water is diverted
away in drainage canals; 3) irrigation canals are driven heavily from reservoirs [Sivertsen and
Lundberg, 1996]. The changes eliminate the ability of water to slowly seep into the ground and
replenish the water table and it eliminates the ability of water to slowly accumulate nutrients and
minerals from the soil.
2.6 Discussion

The northern Peruvian coast has been the home to many remarkable peoples and cultures
over time. From the ancient hunter gatherers, to adept farmers, and European cash crops the
people in this region have always found ways to get productivity out of the landscape. While past
land use practices are known from various well researched archaeological investigations, the
exact locations and extents to which the ancients modified their landscape is not known in detail.
The next sections will review technological advances that have potential to contribute to a larger
knowledge base of how the Moche adapted to their environment over 1000 years ago.
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CHAPTER III
REMOTE SENSING & ARCHAEOLOGICAL APPLICATIONS

3.1 Introduction

This chapter describes the basic scientific principles of remote sensing and the
relationship of using remote sensing to identify cultural remains on a landscape. Included is a
discussion of the physics behind remote sensing and the relationship between the
electromagnetic spectrum and vegetation indices. The first part of the chapter reviews the
science of remote sensing, with fundamental governing physics equations, basic terminology,
and a review of the electromagnetic spectrum. Also covered is the theory behind vegetation
indices and feature extraction with special emphasis on analytical techniques performed for this
thesis. Finally, sources of error are discussed and different aspects of data resolution. The second
half of the chapter will review the application of remote sensing in archaeology and outline the
specific remote sensing goals for this study.
3.2 Science of Remote Sensing

The successful application of remote sensing to various scientific questions requires
knowledge of several areas of science. It is crucial to understand the way data is collected,
knowledge of the physical laws that govern remote sensing, an understanding of environmental
interactions and energy exchanges, and competence in computer science [Lillesand et al., 2004].
It is inherently an interdisciplinary science, and as such takes time and skill for correct analysis
and application.
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3.2.1 Foundations of Remote Sensing

The basis for all remote sensing is electromagnetic radiation, the interaction of that
electromagnetic energy with the surface target, the atmosphere through which it has traveled, and
the detector used for recording [Jones and Vaughan, 2010]. From this knowledge, meaningful
information can be obtained with proper use and interpretation of data. Remote sensing can be
defined as the “measurement of electromagnetic radiation (EMR) that is reflected or emitted by a
target and recorded by an instrument that is not in contact with the target” [Mather and Koch,
2010]. Typically today, the term remote sensing refers to the detection of surface features using
aerial or satellite based data recording instruments. There are two main types of remote sensing,
active and passive. In active remote sensing, the sensor produces its own EMR signal that is
radiated outward and reflected off a surface before traveling back to the sensor. Passive remote
sensing gets its radiation from a secondary source, in the Earth Sciences this source is usually the
Sun or the Earth. In everyday life to observe vegetation we simply look at it, and our eyes are
adjusted to view visible light as it reflects off of the vegetation. In this same way remote sensors
work, made to be sensitive to other wavelengths and types of energy. Radiation can be reflected,
scattered, and/or re-radiated depending on the wavelength interactions with the target and
medium through which the radiation is passing.
3.2.2 Terminology and Units

Many terms will be used to explain the science of remote sensing. The list below
establishes a common vernacular that will be used through the entirety of this thesis.
Electromagnetic radiation (EMR): a form of energy
Energy: the capacity to do work, expressed in Joules (J)
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Radiant energy: energy associated with EMR
Flux: rate of transfer of energy from one place to another, measured in Watts (W)
Watts =Joules/second (Js)
Radiant flux density: magnitude of the radiant flux that is incident upon or emitted by a surface
or unit area, measured by Wm¯²
Irradiance: radiant flux density incident upon a surface (the Sun’s radiance on Earth’s surface)
Radiant exitance or radiant emittance: radiant flux density flowing away from a surface (energy
emitted by the Earth)
Radiance: radiant flux density transmitted from a unit area on the Earth’s surface as viewed from
a three dimensional angle measured in steradians, measured in Wm¯²sr¯¹.
Reflectance: ratio of the radiant emittance of an object and the irradiance, expressed in terms of
percentage.

3.2.3 Electromagnetic Spectrum & Governing Equations

The three main equations that describe the radiance emitted by the Sun and Earth are
Planck’s Law, Wein’s Displacement Law, and the Stefan-Boltzman Law. These along with the
physical properties of electromagnetic radiation will be discussed in the following section.
At its core, the basics of remote sensing can begin with an understanding of the
electromagnetic (EM) spectrum. Electromagnetic radiation (EMR) must be theorized both in the
form of waves to classify the different kinds of radiation, and as particles in the way energy
interacts with the surface it hits. This radiation travels in the form of a wave at 3.8 x 108 m/s. It is
measured in terms of wavelength (m) the distance between two wave crests, and frequency,
measured in cycles per second. The EM spectrum is a way to display electromagnetic radiation
in terms of wavelength and energy. Because the speed of light is a constant, frequency, and
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wavelength are related by Equation 3.1. Electromagnetic radiation can be theorized in terms of
waves, frequency, and period, the relationship of which is shown:
c
λ
c
λ=
ƒ
ƒ=

T=

1 λ
=
ƒ c

v=λ*ƒ

(3.1)
Where:
ƒ=frequency, λ=wavelength, c=speed of light, T=period, v=velocity

Figure 5: Electromagnetic Spectrum. [El-Baz, n.d.]

Electromagnetic radiation ranges from low energy radio waves to high energy gamma
rays. The most common unit used to measure wavelength is the micrometer (µm), equal to 1 x
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10-6 m. Some portions of the spectrum we grow up learning about, such as the UV, microwave,
or radio wavelengths. The visible spectrum is just a tiny portion of the entire EM spectrum,
ranging from 0.38-7.0 micrometers, and this section is widely used for remote sensing of the
Earth’s surface today. The EM spectrum can be seen in Figure 5.
Electromagnetic waves are a form of energy. This energy at a given wavelength is
proportional to the frequency of the radiation, and inversely proportional to wavelength:
E=h*ƒ
(3.2)
Where:
E=energy, h=Planck’s constant, 6.625*10¯³4 Js

This states that energy increases as a function of frequency so shorter wavelengths carry
more energy than longer wavelengths. Understanding of Equation 3.2 is critical to understand
how best to use different wavelengths on the electromagnetic spectrum [Lillesand et al., 2004].
All objects above absolute zero (0 K or -273ºC) emit radiation. In this way, temperature
is a direct measurement of energy content. Every radiation source emits and absorbs at specific
wavelengths. In this sense the Sun is not the only source of radiation, terrestrial objects also emit
radiation. To understand this idea more clearly, a perfect emitter and absorber termed the
blackbody is used, which absorbs all radiation incident upon it and emits the maximum radiation
possible. Planck’s Law shows us the spectral exitance of a blackbody:
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Mλ =

c1
λ^5(exp[c2/λT] − 1)
(3.3)

Where:
c1 = 3.742 x 10-16 Wm-2
c2 = 1.4388 x 10-2 mK
λ = wavelength (m)
T = temperature (Kelvin)
Mλ = spectral exitance per unit wavelength
Stefan-Boltzman law is used to understand the total spectral exitance of a blackbody at a specific
temperature, T. The relationship of energy, time, unit area of a body/object, and temperature is
found:
E=σT4
(3.4)
Where:
σ=Stefan–Botlzman constant at 5.67x10¯8 Wm¯²K¯4

E is in units of Jm¯²s or Wm¯², also termed flux density or the radiant exitance.
Note that the total energy emitted by an object varies with T4, so energy content increases
with temperature. The example above is for a blackbody to provide an ideal opportunity to
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theoretically understand flux density. However, the Sun and Earth are real objects and have more
nuanced energetic interactions. Just as total energy emitted changes with temperature, so does
the spectral distribution of that energy. Kirchhoff’s law is used:
E=eσT4
(3.5)
Where:
e is the emissivity of the body, ranging from 0 to 1. At 0 a body does not emit or absorb
anything, at 1 it is a perfect emitter and absorber. Emissivity ranges from 0 to 1 depending on the
material composition. The emissivity of any body at a specific wavelength is equal to radiation
absorption at that wavelength. Emissivity varies with wavelength, viewing angle, and sometimes
with temperature [Lillesand et al., 2004]. It describes how efficiently an object radiates when
compared to a blackbody. Defined,
e(λ) = radiant exitance of an object at a given temperature
radiant exitance of a blackbody at the same temperature
(3.6)

Figure 6 shows the energy distribution for blackbodies that correspond to the
temperatures of the Earth and Sun. The area under these curves is equal to the total radiance
exitance, E. More simply, the higher the temperature of the radiating object, the greater the total
amount of radiation it emits. The maximum radiation of the Sun occurs in the visible spectrum
around 0.47 micron, as seen in Figure 6 for the Earth the peak is around 10 micron. Notice that
the peak of blackbody radiation distribution moves toward shorter wavelengths as temperature
increases.
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Figure 6: Earth/Sun Blackbody Curves derived from Mather & Koch 2011

To find this wavelength, we use Wien’s Displacement Law, which shows the maximum
spectral emittance by a blackbody in terms of its temperature.

λm =

A
T

(3.7)

Where:
Λm= wavelength of maximum spectral radiant exitance µm
A=2898 µm K
T= temperature K

Notice where the peaks of the Sun and Earth are and how they correspond to different
atmospheric constituents. Wein’s Law is used to understand the relationship of the Earth’s
temperature and the peak of its radiation. This energy is termed ‘thermal infrared’, energy that
we can only sense with specific scanners sensitive to these wavelengths. The Sun’s peak,
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however, occurs around 0.5 microns, corresponding to the visible spectrum what our eyes are
calibrated to be sensitive to.
The Sun provides the energy that reaches the Earth, but not all of it reaches the Earth’s
surface. The energy coming from the Sun must first pass through our thick atmosphere, and in
this process is altered in a number of ways. This radiation is absorbed by particles in the
atmosphere, emitted by particles in the atmosphere, reflected into other directions, and scattered
where radiation from other directions can be further scattered into the solar beam. The absorption
and reflectance properties of the atmosphere are wavelength dependent [Mather and Koch, 2010]
and change the amount of radiation reaching the Earth’s surface. For Earth observations this
atmospheric interference inhibits the amount of information easily gathered from the Earth’s
surface and must be accounted for. The atmospheric gases that most absorb solar radiation are
water vapor, ozone, carbon dioxide, and oxygen, with water vapor being the largest absorber.
However, there are places within the EM spectrum that are less affected by the
atmospheric scattering and absorption called atmospheric windows. Satellite sensors take
advantage of these atmospheric windows for data collection in remote sensing. The wavelengths
chosen for a remote sensing instrument is based on the characteristics of the radiation source, the
atmospheric absorption, and the nature of the target [Mather and Koch, 2010]. As energy
radiated from the Sun reaches the Earth, the surface either reflects, absorbs, or transmits this
energy as seen in Figure 7. When radiation interacts with a material, all the energy is conserved:
EI (λ)=ER(λ)+EA(λ)+ET(λ)
(3.8)
EI =incident energy, ER=reflected energy, EA=absorbed energy, ET=transmitted energy
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Figure 7: Energy Interactions

Earth surface features are quantified in reflectance values:

ρλ =

ER(λ)
EI(λ)
(3.9)

= energy of λ reflected from the object
energy of λ incident upon the object

The proportion of the energy that is reflected, absorbed, or transmitted depends on the
composition and condition of the surface material and the medium the energy is passing through.
Remote sensing (except for the thermal portions of the spectrum) detects variations in reflection
to distinguish between differences in surface materials and characteristics. Different
compositions of soils, tree leaves, and water all will transmit and reflect different wavelengths in
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unique ways. This also determines the color of the surface material. Plants for example are very
good at absorbing red and blue light, but do not absorb green as well, leaving green to be
reflected and our eyes to see vegetation in varying shades of this color.
The characteristics of a remote sensing instrument depend on the purpose for which it’s
built. Each instrument has unique spatial, spectral, radiometric, and temporal characteristics.
Temporal resolution is the frequency with which an instrument collects information, or how
often a satellite sensor passes over the same spot on Earth. Spatial resolution is defined at the
ability to distinguish two adjacent targets on the ground [Mather and Koch, 2010]. In its most
basic sense, spatial resolution refers to the amount of area on the ground contained and
represented by a single pixel in an image.

Spectral resolution refers to the width of the spectral

bands of the imaging system. A spectral band is the portion of the EM Spectrum that the sensor
is calibrated to be sensitive to. The sensitivity of a satellite sensor to different portions of the EM
spectrum depends on the size and position of the bands on that system. The width and quantity of
these bands changes with each imaging system. Different targets require different band
combinations depending on the individual characteristics of the target. Finally, radiometric
resolution refers to the precision with which data is recorded and stored. In a two color image the
radiometric resolution is low, with just two binary digits needed to represent the data. In this case
0-1 characterized the radiometry of the target. If the image contains multiple levels of gray,
collecting data with only two digits would not represent the image accurately, so there is an
increase in the number of bits required, this is true for color images as well. Generally, the higher
the radiometric resolution will correspond to a more detailed data record.
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3.2.4 Vegetation Indices

Vegetation indices contain information about the physical and biological characteristics
of vegetation, especially from the visible and near infrared. In this portion of the EM spectrum,
reflected radiation from the surface has fewer interfering components. In this way, ratios of
absorption and reflection bands are used to derive relationships between surface variables.
Vegetation indices are usually a unitless percentage concocted to indicate the amount of green
vegetation/density of vegetation in a particular scene. Generally, these are based on the strong
reflected radiation from vegetation in near infrared and high absorption in the red. This study
uses the normalized difference vegetation index (NDVI) a common and powerful vegetation
index. It is found by dividing the difference index by the sum of the near infrared and red
reflectances. This basic index produces a grayscale image with pixel values ranging 0-1, closer to
1 on the scale shows the increasing relationship of the NDVI value with vegetation vigor on the
ground.

NDVI =

(NIR − R)
(NIR + R)
(3.10)

Radiance values or reflectance can be used as input values for this index, but reflectance
will improve the index because of the atmospheric influence. Incident radiation will vary within
a scene due to things like cloud cover and slope, so determining vegetation indices from satellites
brings about a particular problem of variability in NIR and R attenuation due to different
atmospheric effects.
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3.3 Confounding Factors and Sources of Error

Reflected radiation will change for each surface type (vegetation, cement, soil, sand, wet
soil, etc) and have distinct spectral response. In this way feature types can be separated
spectrally. For example water and vegetation may have similar reflectance in the visible portion
of the spectrum, but vastly different in the near-IR wavelengths. However, these spectral
responses have high amounts of variability depending on the parameters of the scene acquisition.
Temporal effects and spatial effects can influence the spectral response of a ground surface. For
example, two corn crops at different growth stages will exhibit different spectral characteristics.
Variability of these two corn crops varies spatially as well, corn planted in one part of the world
will not be exactly the same as another corn crop in a different part of the world because of
differences in soils, climates, and agricultural methods. Roughness of terrain can also impact the
reflected radiation reaching the sensor because almost all surfaces on the Earth do not reflect
uniformly. However, the roughness is in comparison to the wavelength of the energy being used.
For example, longer wavelengths are not as sensitive to roughness of terrain as are shorter
wavelengths.
Information about the Earth's surface is contained in the radiation reflected from surface
target. However, the signal measured by a remote instrument contains information that is a
combination of surface and atmospheric [Jones and Vaughan, 2010]. Although the atmosphere is
commonly the target of remote sensing studies, for Earth observation, atmospheric effects only
contribute noise and unnecessary signal. The removal of this noise is termed atmospheric
correction. The concentration of particles in the atmosphere that interfere with Earth surface
signal is not constant throughout the atmosphere. There are variations laterally and with height.
The atmosphere attenuates the energy lighting a ground object (and that being reflected from the
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object). It acts as a reflector, scattering radiance to the signal detected by the sensor. This is
expressed mathematically,

Ltot =

ρET
+ Lρ
π

(3.11)

Where,
Ltot = total radiance measured by sensor
ρ = reflectance of the object
E = incoming energy (irradiance on object)
T = transmission of atmosphere
Lρ = path radiance from the atmosphere
Some atmospheric constituents have a larger impact on solar radiation transmission to
Earth’s surface. These include water vapor, ozone, and carbon dioxide, all of which are strong
absorbers of solar radiation at different regions of the EM spectrum. Radiation may also be
scattered by the particles it encounters in the atmosphere depending on the amount and size of
scattering particles as they relate to wavelength. Even though less solar radiation reaches the
surface because of these atmospheric gases, there are specific portions of the EM spectrum that
are only mildly affected by the atmosphere called atmospheric windows. These atmospheric
windows are significant for the radiation budget of our Earth. The absorption of solar radiation of
major atmospheric gases and atmospheric windows is seen in Figure 8.
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Figure 8: Atmospheric Absorption and Transmission. [Hartmann, 1994]

3.3.1 Radiometric and Atmospheric

The atmosphere is not a static system. A full account of the physics of the interactions
between the atmosphere and EMR is outside the scope of this thesis. However, a review of the
processing will increase the understanding for why corrections need to be performed. The
amount of signal received at a sensor depends on the illumination of the target, the reflected
radiation from the target, and the viewing angle [Jones and Vaughan, 2010]. There are an
assortment of atmospheric effects that can influence and interfere with the signal reaching the
sensor, including solar angle variations due to time of day/year, differences in Earth Sun
distance, and variations of the angle between the solar radiation and the surface. This means that
two images taken on different dates over the same area will look different even if the surface
features have not changed.
Part of the radiation received at the sensor comes from the scattering of radiation by the
atmosphere, never having reached the surface target. This signal contains no information about
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the surface target and needs to be removed. In the same way, radiation leaving the surface target
is also scattered and absorbed by the atmosphere. Appropriate correction for these effects on data
is crucial to accurately use remote sensing data. Atmospheric gases such as ozone, water vapor,
and carbon dioxide have absorption effects that are also wavelength dependent. Satellite sensors
are designed to obtain information away from the absorption bands, and instead use wavelengths
where these gases influence radiation the least, in atmospheric windows.

While gathering

information away from absorption bands helps, scattering of radiation by the atmosphere still
occurs. The two primary forms of scattering are Rayleigh scattering and Mie scattering. Both are
wavelength dependent; while Rayleigh is scattering by air molecules, Mie is scattering by
aerosol particles.
As light travels from the Sun to the surface there are different levels of atmospheric
interference. Transmittance is the amount of solar irradiance reaching the ground after passing
through the atmosphere. There are two components to this term because radiation has to pass
through the atmosphere twice before it is recorded at the sensor, once from Sun to surface (Tθ)
and once from the surface to the sensor (Tϕ). Pixels are not just illuminated by the Sun’s
radiation, but also by the energy scattered by the atmosphere and nearby land areas. This is sky
irradiance (ED). Finally, the path radiance refers to the radiation reaching the sensor that is
affected by the scattering of the surrounding area and by the scattering of the atmosphere (Lp).
The total amount of energy received at the sensor is in units of Wm-2sr.
Calibration for these radiometric effects happens on multiple levels, from sensor
calibration to at-sensor radiance and atmospheric corrections, and solar and topographic
correction [Lillesand et al., 2004]. Furthermore, not only does the atmosphere impact the dataset,
so does the acquisition geometry. The orientation of the Sun and the height of the Sun in the sky
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and the look angle of the sensor also contribute to the accuracy of a dataset. The return signal
received at sensor can be affected because of the potential for highly oblique angles with
WorlView-2 imagery. It is important to conceptually be aware of the potential influence of the
WorldView-2 quick off-nadir imagery capabilities, with a maximum look angle of 40 degrees
off-nadir. An image gathered with large influences from Sun and look angle could be darkened,
especially at the edges of the scene. This is not the case for the imagery used in this study, but
future users of WorldView-2 need to be aware. However, this characteristic of the sensor has
been found to improve classification accuracy in sequence [Longbotham et al., 2011].

Figure 9: Solar elevation and azimuth angles. Adapted from Mather and Koch, 2011.

To make up for all the effects attributable to the atmosphere and Sun/sensor orientation,
it is necessary to perform atmospheric corrections. If this is not done, then the radiances at the
sensor will be incorrect and unsuitable for analysis. Furthermore, uncorrected satellite data
cannot be compared to other datasets acquired at different times because of the differences in the
atmosphere at the date and time of acquisition [Lillesand et al., 2004]. Correct application of
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atmospheric correction yields surface reflectance, describing the nature of the material on the
Earth’s surface.
3.4 Global Examples of Multispectral Data Usage

Remote sensing since its inception has been increasingly adopted by researchers and
policy makers implementing Earth science applications. This is because it has become evident
that these types of data provide useful information that can be used to improve decision making,
develop policy, and address environmental management issues. For example, the NASA/USAID
project SERVIR has a mission to spread the use of geospatial data for environmental
management and decision making in developing countries. SERVIR combines Earth
observations, models, and in situ data to provide products to support decision makers, monitor
and forecast environmental changes, and respond to natural disasters. It is a project aimed at
enabling those individuals and groups in science, education, and policy to respond to
environmental changes and threats [Howell, 2011]. Remotely sensed data has been used globally
to improve infrastructure and urbanization, for coastal and marine management, to understand
pollution distribution and the atmosphere, for developing fire models and warning maps, for
understanding human impact on environment and ecosystem functions, for biodiversity research,
for forest management, and the list can go on and on. There are also archaeological applications
for remotely sensed data.
3.4.1 Remote Sensing in Archaeology

Dr. Thomas Sever in 1983 produced a document while working for NASA proposing the
use of satellite data for archaeological feature identification and excavation expedition
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[Giardino, 2011]. He spearheaded the movement and propelled the idea of collaborative research
projects between NASA and archaeologists.
Generally, archaeology focuses on the study of past cultures and people by analyzing
cultural remains of their existence. Image interpretation has provided powerful information in
locating sites and settlements whose whereabouts had been lost over time. Satellite imagery
coupled with GIS has the potential to generate meaningful maps and documents that provide a
scientific perspective for policy makers at all levels of government [Walker, 2012]. Generally,
satellite data applied in archaeology falls into two broad categories, 1) the direct identification of
archaeological features and 2) the indirect identification of features through proxy signatures
[Griffin, 2012]. Archaeological investigations using remote sensing data have happened in
countries all over the world. Here, a few studies from Central and South America are reviewed to
provide an idea of the challenges associated with data application in the region.
Masini et al. performed a study focusing on the use of high resolution imagery with
ground probing radar to detect adobe structures in southern Peru. The results found that satellite
and ground penetrating radar provide valuable information regarding the whereabouts of these
structures [Masini et al., 2008]. Sever and Irwin used a combination of satellite imagery and
ground verification to understand and identify Maya landscape modifications such as dams,
reservoirs, and possible drainage canals [Sever and Irwin, 2003]. Saturno et al. used satellite and
airborne datasets to successfully detect ancient Maya archaeological features in the Peten region
of northern Guatemala [Saturno et al., 2007]. Griffin used satellite data to delineate
microenvironments and provide an approximation of carrying capacity in the Ixcan Rio Basin,
northeastern Guatemala [Griffin, 2012]. Sheets and Sever used remote sensing data from NASA
including thermal infrared multispectral data from the Thermal Infrared Multispectral Scanner
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(TIMS), NASA Landsat Thematic Mapper, IKONOS, and a suite of aerial photographs to detect
ancient footpaths in Central America [Wiseman and El-Baz, 2007].
In short, the applications for remote sensing data in archaeology are endless. This thesis
contributes a method that will pay homage to those innovative remote sensing archaeologists that
came before.
3.5 Remote Sensing Goals for this Study

Remote sensing makes it possible to study large amounts of land with very limited access
to the land itself. In this study, DigitalGlobe Worldview-2 multispectral data is used to observe
the Chicama valley in northern Peru.
This thesis tests the applicability of different methods for extracting information from
high resolution multispectral satellite data to identify the extent of field validated archaeological
features associated with the Moche in the Chicama Valley, Peru. Specifically, k-means and
ISODATA classifiers are applied to the scene, providing the justification for the application of
feature extraction. The workflow from the different methods is applied to other field validated
features in order to test the replicability of the methods.
Agriculture dominates the landscape of the Chicama Valley, with fields at various stages
of growth, hence the first objective is identification of vegetation vigor using the Normalized
Difference Vegetation Index (NDVI). Study sites were selected based on vegetation cover,
grouped in three categories, low-vegetation, medium-vegetation, and high-vegetation. These
land characterizations are used as input for the feature extraction in ENVI, where archaeological
remains are characterized based on shape, textural, and/or spectral features to classify objects
into feature types.

Defining features is accomplished by building rules based on object
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attributes, such as size, spectral mean, texture, etc. Each rule within the classification has one (or
more) attributes such as area or texture that is constrained to specific values based on knowledge
of the features.
3.6 Discussion

In review, users of remote sensing data need to keep in mind the factors that can impact
the correct interpretation of satellite data, including the source of radiation, the impact of the
atmosphere on the signal, the interactions radiation has with the Earth’s surface. This chapter
discussed energy interactions, goals for this research, and applications for remotely sensed data.
The following discussion involves the last two components for applying remotely sensed data,
the characteristics of the satellite sensor and data processing techniques. Let’s now examine the
particulars of the data used in this study and the methods used to analyze and extract information
from it.
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CHAPTER IV
METHODS & RESULTS
4.1 Introduction

This chapter focuses on the methods and analysis of the remote sensing spectra and its
correlation with vegetation indices and feature extraction methods. A description of the methods
used includes a review of the Digital Number (DN) from satellite data and its conversion to
reflectance, the performance of atmospheric corrections, and the mathematical relationships of
vegetation indices. Results from classifications, feature extraction, and vegetation indices are
presented and discussed.
A broad term for pixel values is Digital Number (DN). These values represent the image
before it has any meaningful units prescribed. Radiance, as previously discussed, is the amount
of radiation coming from an area. To translate from DN to radiance requires information about
the acquisition parameters of the image. Radiance includes all of the scattering and reflected
radiation from the surface, surrounding area, and atmosphere. Reflectance is the proportion of
radiation leaving the surface to the radiation hitting the surface. There are two commonly
referenced reflectance measurements: 1) top-of-atmosphere (TOA) reflectance which contains
information about the contributions of the atmosphere, and 2) surface reflectance which is
reflectance of the Earth surface without the interference of atmospheric components.
4.2 Data Sources

For remote sensing scientists today there is a plethora of data options to choose from.
Constellations of satellites orbit the Earth every day, producing high quality imagery using
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different portions of the electromagnetic spectrum. Some of these satellites and sensors are
government controlled and some are commercially owned and operated. Access to data depends
on the particular rules within the organization overseeing data creation and sharing. This study
used data from the DigitalGlobe WorldView-2 (WV-2) satellite and ISERV imagery.
4.2.1 DigitalGlobe

DigitalGlobe owns and operates a group of high-resolution satellite sensors for
commercial Earth imagery. One of these satellites is WordView-2, a 9-band multispectral
instrument launched in October of 2009. The instrument is sensitive to wavelengths in the visible
through near-infrared portion of the electromagnetic spectrum with panchromatic, coastal, blue,
green, yellow, red, red edge, NIR1, and NIR2 bands (Table 2 and Figure). At nadir, WV-2 has a
16.4 km swath, and provides 46 cm resolution in the panchromatic band and 1.85 m resolution in
the multispectral bands. It is in a Sun-synchronous orbit flying at 770 km, crossing the same
spot on Earth every 1.1 days. Overall WorldView-2 offers high temporal, spatial, and spectral
resolution.
The imagery for this exercise was acquired on September 9, 2013 at 16:07 GMT,
collected along the north coast. The data is 16 bit, Basic Level 1B with radiometric corrections
applied, and comes in an NITF format. The image contained <1% cloud cover. The Chicama
Valley is in Figure 10 in an atmospherically corrected, false color (Bands 7, 5, 3) WorldView-2
scene used in this analysis. The data for this study is courtesy of Dr. Compton Tucker at NASA’s
Hydrospheric and Biospheric Sciences Laboratories at Goddard Space Flight Center.
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Spectral Band

Wavelength (nm)

Panchromatic

450-800

Coastal

400-450

Blue

450-510

Green

510-580

Yellow

585-625

Red

630-690

Red Edge

705-745

NIR1

770-895

NIR2

860-1040

Table 2: Worldview-2 Data Bands [Updike and Comp, 2010]

Figure 10: DigitalGlobe Bands [Updike and Comp, 2010]
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Figure 11: Chicama Valley in an Atmospherically Corrected False Color Worldview-2 Scene.

4.2.2 ISERV Pathfinder

The very high resolution ISS SERVIR Environmental Research and Visualization System
(ISERV) is an imaging system on board the International Space Station. It has a spatial
resolution of 4.8m with a spectral range from 350nm-800nm. The main components of the
hardware contributing to the imaging system include a pointing mount, a focuser, a telescope,
and a camera. Specific data locations can be tasked and requested by end users in the SERVIR
network to enhance environmental research and disaster response on the ground [Howell, 2011].
The data for this study was requested and made publicly accessible in July of 2014. The scenes
provide additional information about current land use in the region and verification of the
environmental characterization provided earlier in this document.
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4.3 Pre-processing

All satellite data must be processed before any analysis of surface features can be
performed. Because the radiation received at sensor includes information about the atmosphere
as well as the surface, removing the atmospheric contributions is a critical step. Properties of the
atmosphere such as water vapor, aerosols, and scene visibility must be eliminated. For this
study, the WorldView Calibration tool within ENVI was used to convert from DN to Radiance,
then the Fast Line-of-sight Atmospheric Analysis of Spectral Hypercubes (FLAASH) tool within
ENVI was used to perform atmospheric corrections. The WorldView Calibration Tool has been
developed specifically to support converting satellite DN data to radiance (Wm¯²sr¯¹). The
Worldview Calibration Tool helps compensate for radiometric errors, variations in scan angle,
and system noise. After calibrating the images from DN to radiance, atmospheric corrections
methods were applied.
4.3.1 Atmospheric Correction

Before surface reflectance can be found, the data must be converted to reflected radiation
at the top of the atmosphere. Conversion to top-of-atmosphere reflectance requires knowledge
about the gains, offsets, solar irradiance, Sun elevation, and acquisition time of the image, as
contained in the metadata for the WorldView scene. For WorldView-2 data, TOA reflectance is
computed using the following equation [Updike and Comp, 2010]:
LTOA = KBandQPixel,Band
Δλ, Band
(4.1)
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Where,
LTOA = Radiance in units of Wm¯²sr¯¹
KBand = radiometric calibration factor for a given band units of Wm-²sr-¹count-1
QPixel,Band = radiometrically corrected image pixel (DN)
Δλ, Band = the effective bandwidth, units in µm
The KBand factors are found pre-launch through testing at the focal plane with a known radiance
source in a laboratory.
4.3.2 FLAASH

To account for the effects of the atmosphere, the FLAASH model provides estimates of
the absorption and scattering of atmospheric gases, water vapor in the atmosphere, and aerosol
retrievals. The required parameters for running FLAASH include the flight date and time, the
sensor altitude (km), the ground elevation (km), and the pixel size (m). FLAASH uses the
MODTRAN5 radiative transfer model for atmospheric retrievals. The MODTRAN model takes
into account the parameters that can interfere with the true ground signal such as time of day and
year, global location as it relates to atmospheric interferences such as aerosols, viewing zenith
angle, solar zenith angle, and the height of the satellite sensor. The input for FLAASH requires
an image to express radiance values in band-interleaved-by-line (BIL) or band-interleaved-bypixel (BIP) format. For this, the data was converted from Band Sequential (BSQ) to Band
Interleave by Pixel (BIP). For the time of year and location of this study the Mid Latitude
Winter, maritime model was used. The scene and the sensor provide adequate information for
FLAASH to approximate the Sun’s position after manually entering the Latitude and Longitude
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information. Because of the high spectral resolution of WorldView-2, calculation of water
retrieval per pixel was possible. After this information is obtained and entered into the program,
surface reflectance is found using the equation:

Le ≈

(A + B)ρe
+ La
1 − ρeS

(4.2)

ρ = the pixel surface reflectance
ρe = average surface reflectance for the pixel and surrounding area
S is the spherical albedo of the atmosphere
La = radiance back scattered by the atmosphere
A and B and La are determined from the built-in radiative transfer calculations from the
MODTRAN model that reference parameters of the scene acquisition, viewing and solar angles,
surface elevation, and assumptions of atmosphere, visibility, and aerosol type.
4.4 Analysis

The overarching goal of these methods is to test the applicability of high resolution
multispectral satellite data in identifying the extent of archaeological features associated with the
Mochica culture in the Chicama Valley, Peru. Within the Chicama Valley there are known
surveyed archaeological sites that serve as the control and verification points for this analysis.
These ground points were provided by Dr. Benjamin Vining, a postdoctoral researcher at
Wellesley College working on a NASA Roses space archaeology program with Dr. Tom Sever.
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Agriculture dominates the landscape of the Chicama Valley, with fields at various stages
of growth, hence the first objective is identification of vegetation vigor using the NDVI. Study
sites were selected based on vegetation cover, grouped in three categories: low-, medium-, and
high-vegetation. The three classes are justified through an empirical division of the NDVI
histogram into tertiles, after eliminating negative reflectance values that could skew the
categories.

These vegetation classes were used as input for ISODATA and k-means

classifications and later, feature extraction in ENVI. ISODATA and k-means being traditional
pixel-based classification methods, and feature extraction being an object based method.
Identification was based on shape, textural, and/or spectral features. One field in each vegetation
class containing a surveyed archaeological site served to develop parameters for ISODATA, kmeans, and feature extraction. These parameters were then applied to features in corresponding
vegetation classes, a total of two study sites per vegetation class were used. The GPS survey
points allowed for validation of the remote sensing methods developed. The details of each
analysis and the different parameters will be discussed.
The NDVI thresholds for the vegetation type for each vegetation class can be seen in
Table 3. There are two sites for each vegetation class, a control and a test site. H1 and H2 refer
to high vegetation Control (H1) and Test (H2) sites. The other two vegetation classes have the
same naming convention: Medium Control (M1) and Medium Test (M2), and Low Control (L1)
and Low Test (L2). Figure 12 shows the scene with each study site noted and color coded. A
closer look at each study site in high, medium, and low vegetation can be found in Appendix A,
and the histograms for each NDVI subset image in Appendix B.
4.4.2 Vegetation Index
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Bands within a multispectral dataset located adjacent to one another are generally
correlated [Mather and Koch, 2010]. A correlation matrix was performed on the WorldView-2
imagery used in this thesis can be found in Appendix C. For example, we reviewed the negative
correlation of the red and NIR bands in the brief discussion of NDVI, where greener vegetation
meant decreases in reflected radiation in the red and increases NIR.

It helps highlight

relationships between different groups of pixels that may not be easily seen in the original data.
Ratio techniques are one of the most commonly used transformations in remote sensing analysis.
This is partially because of the spectral curves that clearly display certain Earth surface
characteristics, and secondly because ratios reduce many of the issues with recorded radiances
that result from topography variations [Mather and Koch, 2010]. . Since Worldview-2 has two
NIR and two Red Channels, a band7 and band5 combination has been recommended for
terrestrial vegetation studies by previous authors using WorldView-2 for NDVI analysis [Wolf,
2010, p.2].
Vegetation indices must be calculated with surface reflectance measurements in order to
exclude influence from the atmosphere. For the NDVI on the Chicama Valley, atmospherically
corrected surface reflectance from the NIR1 (band 7) and Red (band 5) channels was used. The
histogram for a false color composite band combination (7, 5, 3- NIR1, Red, Green) is seen in
Figure 11.
After NDVI calculation, a single band image is created in grayscale with values ranging
from 0 to 1. Increasing values represent increasing vegetation density. The underlying image in
Figure 12 is an NDVI. The lighter pixels represent NDVI values closer to 1, the darker pixels
represent values closer to 0.
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Figure 12: Study Locations
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Vegetation Class

NDVI Thresholds

Low-Vegetation

.20

Medium-Vegetation

.36

High-Vegetation

.66

Table 3: Study Location Average NDVI Values

Figures 13 and 14 show the histograms for the entire image, 8-bands and 3-band false color
composite (a histogram of Figure 11), respectively.

Figure 13: 8-Band Histogram for Worldview-2 in Chicama Valley Scene
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Figure 14: 3-Band Histogram for Worldview-2

4.4.1 Classification Methods

Archaeological phenomena can be seen in the histogram of the NDVI image from the
study site in high vegetation, with bimodal distribution indicating two distinct features on the
land surface (Appendix B). This distinct pattern is not always so apparent, and identification of
land cover types requires different methods for extracting groups of pixels associated with
ground features.
Another way to derive information from an image is through the process of classification.
The objective of classifying an image is to categorize pixels in an image into land cover classes.
Since different land surface features will have different spectral responses, the classification will
identify any spectral patterns present within the data and categorize accordingly. The pattern is
not in the geometrical shapes we see in an image, but in the patterns of radiance measurements in
different wavelengths. The classification process is made up of two major stages: 1) determine
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the number and nature of the categories, and 2) assign labels to the pixel based on their
properties [Mather and Koch, 2010]. Classifications are usually based on a user-defined
predetermined number of classes in the image. Clustering aims to determine the number (but not
always the identity) of categories in an image. Following this identification of the clusters by the
user can be performed.

These two major approaches are broadly termed supervised and

unsupervised classification procedures, and both can be used to identify and segment regions of
similar attributes [Lillesand et al., 2004]. Simply put, in a supervised classification categories are
defined first then analyzed spectrally. In unsupervised classifications the spectral classes are first
identified then labeled.
When the number and nature of land cover classes is not known, an unsupervised
classification procedure is used. The relationship between the pixels in the image and the land
cover types is determined after the classification process is performed. This analysis is largely
exploratory in nature, because the user may have large amounts of ground verified data but may
not be certain about the number of spectral classes or how mixed the spectral classes may be
[Mather and Koch, 2010]. Unsupervised classifiers use algorithms that examine the pixels in an
image and aggregate them into classes based on clusters present [Lillesand et al., 2004]. The
clusters represent characteristics of distinct land classes on the ground.
There are many ways to cluster natural spectral groups in an image. One common way is
the use of a k-means classifier, which accepts from the user the number of clusters to be
identified. The algorithm identifies that number of cluster centroids in n-dimensional space. The
pixels are then assigned to the closest cluster. The decision is based on the shortest geometric
distance to center, and is used to label each unknown pixel depending on the relative distance of
the point from the cluster centers [Mather and Koch, 2010]. After this first iteration, this process
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continues successively until there is no significant change in the proximity of the pixels to new
clusters. The relabeling procedure involves the rank orders of the distances between pixels and
cluster centers. After this point the user labels the land cover of each spectral class that the
algorithm identified.
The Iterative Self-Organizing Data Analysis (ISODATA) algorithm is related to k-means
but has slight differences. If the number of clusters is not fixed or known in advance as it is in kmeans, ISODATA can change that number in each iteration of the process. The compactness of
the clusters in n-dimensional space is the basic premise on which these classifiers are based,
compactness being pixels tightly grouped around the cluster centers, with each cluster being
spherically shaped in multiple dimensions [Lillesand et al., 2004]. In addition to assigning pixels
to clusters (like k-means), the assignment of a pixel to a particular cluster and the cluster (or
class) number can change. If a cluster shows two distinct trends (such as an oblong cluster
instead of a sphere with a clearly defined center) then the two distinct trends (usually toward
ends of the oblong shape) will be separated. This represents two unique ground features. This
study used a k-means classifier as the initial method for identifying archaeological features on
the ground. This method was tested using up to 10 classes and as few as 3, depending on the
characteristics of the particular scene being classified. The methods from the control were then
applied to the corresponding vegetation test image. The same general workflow was followed for
ISODATA, modifying parameters based on each image’s characteristics and repeating methods
on the corresponding vegetation class.
4.4.2 Feature Extraction
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Instead of a pixel-based approach to classifying, ENVI Feature Extraction uses an object
oriented approach, enabling the objects to be defined by multiple attributes: spatial, spectral,
and/or textural.

Defining features is accomplished by building rules based on the object

attributes, such as size, spectral mean, and textural variance. Each rule within the classification
has one (or more) attributes such as area or texture that are constrained to specific values based
on knowledge of the features. The workflow is a combination of segmenting the image into
pixel groups, computing attributes for each group to create objects, then classifying the object
using a rule-based classification or supervised classification. The two primary steps to the
workflow are: 1) Find Objects, and 2) Extract Features. Figure 15 is the general workflow
followed in this analysis.

Figure 15: Feature Extraction Workflow [ITT Visual Information Solutions, 2008]
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Segmenting an image will group pixels of similar feature values using a segmentation
algorithm that requires only one input parameter, the Scale Level. For example, the lowest Scale
Level (0) for segmentation of an image will result in each pixel in the image to be defined as its
own segment, with the highest Scale Level (100) grouping entire image into one segment. The
Scale level chosen for each image best delineates the feature of interest without the inclusion of
other features. If many small segments are required for correct segmentation these delineations
can be merged, the second step of the object identification process. The Merge Level ranges
from 0-100. If a merge level of 100 is selected, all segments in an entire image will be grouped
The lower the Merge Level value, the more delineations of similar pixel groups are retained.
Slightly different from traditional pixel based classifications, an object-based approach is
used to classify imagery in ENVI Feature Extraction. The object is categorized by spatial,
spectral, and/or textural characteristics, which can be extracted separately or together [ITT Visual
Information Solutions, 2008]. The attributes are used in defining the rule based classification.
Because of the circular characteristics of the huacas, the roundness spatial attribute was
employed on some of the images. The roundness attribute is a shape measure that compares the
area of the polygon of the maximum diameter of the polygon [ITT Visual Information Solutions,
2008]. The maximum diameter is the length of the major axis of an oriented bounding box
around the polygon, the roundness value for a circle is 1, and the value for a square is 4/π [Russ,
2010]:

𝑅𝑜𝑢𝑛𝑑𝑒𝑠𝑠 =

4∗ 𝜋
(𝜋 ∗ 𝑀𝑎𝑥 𝐴𝑥𝑖𝑠 𝐿𝑒𝑛𝑔𝑡ℎ²)
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(4.3)

In each band of each image, spectral attributes are computed including the minimum
value of the pixels in a region, the maximum value of the pixels in the region, the average value
of the pixels in the region, and the standard deviation value of the pixels in the region. Textural
variance is defined based on a user-defined kernel size, a kernel size of 3 was used for every
study site. If applied, textural variance was chosen to identify the average variance of the pixels
comprising the region inside the kernel.
The rule based classification method defines features based on building rules about object
attributes. Each object represents a data point in the attributes’ n-dimensional space. Multiple
rules can be defined for each feature. Instead of classifying each object as completely being
‘true’ or ‘false’, rule based classifications in ENVI Feature Extraction use fuzzy logic, using a
membership function to represent the degree that an object belongs to a defined feature type [ITT
Visual Information Solutions, 2008]. In the classification process, the object is categorized into
the feature type that has the maximum confidence value. For this study a rule based classification
was developed for a ‘control’ image. The archaeological feature was chosen from a ground
verified survey. The points were provided by Dr. Benjamin Vining, a postdoctoral researcher and
lecturer at Wellesley College working on a NASA Roses Space Archaeology Program with Dr.
Tom Sever. The same methods and parameters were then applied to another field containing a
huaca in the same vegetation class, to test the ability of replicating the methods from the original
feature extraction. Because the characteristics of a highly vegetated field differ from those of a
field with low vegetation, different vegetation classes warranted different methods. First
segmentation and merge levels were manipulated to separate the huaca from the surrounding
vegetation. Then spectral, spatial, and/or textural parameters were applied until the huaca was
most clearly identified. H1 was an ideal case for huaca identification, with with a baresoil huaca
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surrounded entirely by vegetation. After testing textural, spatial, and spectral variables, the
huaca was most well defined by using a single rule defining spatial roundness. M1 required the
exact same parameters as H1, with the same segmentation and merge values, and the application
of spatial roundness. Low vegetation needed more parameters to separate and identify the huaca,
requiring lower segmentation and merge levels, and two rules relating to the spectral mean of the
image and the textural variance.
After extracting the features, each huaca was digitized to have a comparison for area
extracted. The parameters that best extracted the control huacas (H1, M1, and L1) were applied
to the test images (H2, M2, and L2). Then individualized parameters were developed for each
test images to provide an ‘ideal’ feature extraction method. These ‘ideal’ parameters were then
compared to the ‘control’ parameters applied to the same test image. In a test using only visible
bands, ISODATA and k-means classifications were performed on an ISERV image collected in
July of 2014 in the Chicama Valley. Without NIR there is no way to verify vegetation vigor, so
the classifications were performed on the entire image. The results from this classification can be
found in Appendix D.

4.5 Results

The results from the k-means and ISODATA pixel based classification methods, and
object based feature extraction can be seen in Figures 16-18. The results shown and discussed
below are from the application of ISODATA and k-means classifiers, and feature extraction on
NDVI subsets of the Chicama Valley WorldView-2 scene, respectively. As noted, each huaca
was digitized to have a comparison for area extracted. The graphs depict the percentage of area
identified by the three methods that align, omit, or comit with the heads up digitization. Huacas
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(in green) are correct, overestimates (commission) are in red, underestimates (omission) are
yellow.

Figure 16: k-means Results
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Figure 17: ISODATA Results
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Figure 18: Feature Extraction Results

Table 4 shows the total area defined by digitization, feature extraction application, and ideal
parameters in feature extraction.
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Table 4: Digitized and FX Huaca Area

4.5.1 Major Findings

Images are referenced as they are noted in Figure 11, where H1 = high vegetation control
site, H2 = high vegetation test site, M1 = medium vegetation control site, M2 = medium
vegetation test site, L1 = low vegetation control site, L2 = low vegetation test site. The color
code for each image uses green to indicate alignment of digitization with classification method
(or feature extraction), or areas that intersect one another. Areas of overestimation are in red, and
underestimations are in yellow. The large tendency toward overestimation by k-means and
ISODATA is the justification for using an object based feature extraction method that accounts
for shape. This is most apparent in the application of control image parameters to the test image.
In each instance for ISODATA and k-means, the control parameters applied proved to
significantly overestimate the area associated with the huaca. In the case of k-means for H1 the
overestimations were 1.39% of the digitized area. When applied to H2, the overestimations
spiked to 3884.26%. This pattern was repeated in medium vegetation, but not so drastically. M1
overestimates using k-means at 142.97%. When the methods were applied to M2 the
overestimates jumped to 584.39%. L1 overestimates are at 8.77%, leaping to 2614.70% in the
case of L2. ISODATA tended to classify in a similar manner, heavily leaning toward
overestimates. H1 overestimates were only .97%, with L2 overestimates being 3380.79%. M1
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overestimates were 120.63% and those of M2 were 520.77%. L1 and L2 overestimates were
3.13% and 2208.26%, respectively.
In the case of H1, the baresoil huaca is surrounded by dense vegetation, so k-means and
ISODATA were easily able to identify the huaca well (Figures 19). However, in applying H1
classification parameters to H2 where the huaca is bisected by a road, the pixel based
classification method lumped the road and the huaca into one class (Figure 20). K-means and
ISODATA continued to combine road surrounding features in each corresponding vegetation
class (see Appendix C).
Overall, feature extraction performed better than ISODATA or k-means classifications,
with highly vegetated areas yielding the best results. This is due to the large contrast between the
vegetation and the huaca. Because of the distinct difference in pixel values, features were
separated well. While ISODATA and k-means heavily favored overestimation, feature extraction
identified the huacas with much more precision in the application of control parameters, with
overestimates at 2.10% and 10.90% for H1 and H2, respectively. Feature extraction identified
91.21% of the same area as digitization for H1, and 85.45% of the same area for H2. For M1,
1.80% was overestimated. For M2, 37.16% was overestimated. There was 93.60%
correspondence to digitization for M1 and 92.76% for M2. For L1 no overestimates occurred at
all, with the entire area identified contained within the borders of the actual huaca. In application
of control parameters overestimations jumped slightly to 5.10%.
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Figure 19: H1 shown as False Color, ISODATA, and K-Mean Classifications (top)
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Figure 20: H2 shown as False Color, ISODATA, and k-means Classifications (top)
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The previous numbers were a discussion of control parameters applied to the test images.
The numbers changed when the feature extraction parameters were modified. Under
individualized (ideal) parameters, H2 overestimates remained at 10.90%, with 85.45% of the
area identified corresponding to digitization. For M2, 38.74% of the area was overestimated,
with 91.18% corresponding to digitization. Finally, for L2, 16.90% overestimation and 68.15%
digitization correspondence occurred under tweaked parameters. Figure 21a is a false color
depiction of H1. 21b is the NDVI of the same area, and 21c is the result of feature extraction.
Green indicates the extent to which feature extraction identified what was digitized. Areas in
yellow are underestimates (errors of omission), or parts of the huaca that feature extraction did
not pick up, while areas in red are overestimates (errors of commission), the portions that feature
extraction incorrectly designated as huaca.
H1 parameters applied to H2 in feature extraction (Figure 22) yielded much better results than
did the IDODATA or k-means, and the application of individualized (ideal) parameters.
Interestingly, the control and ideal parameters yielded the exact same results in high vegetation.
Even using different methods, the exact same area of the huaca was identified.

The following figures for M1 are shown in Figure 23, 23a false color, 23b NDVI, 23c
feature extraction. Again, because the pixels directly adjacent to M1 were composed of relatively
healthy vegetation the feature was well extracted. Again like the pixel based classifications, this
was not the case for M2 (Figure 23), where a road adjacent to the huaca was unable to be
separated even with individualized parameters.
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Figure 21: H1 shown as False Color, NDVI, and Color Coded Feature Extraction (top)
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Figure 22: H2 as False Color, NDVI, H1 Parameters, and Individualized Parameters (top)
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Figure 23: M1 as False Color, NDVI, and Color Coded Feature Extraction (top)

84

Figure 24: M2 as False Color, NDVI, H1 Parameters, and Individualized Parameters (top)
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The magnitude of feature inclusion was on a much smaller scale for M2. The
multispectral 24a and NDVI 24b clearly show the huaca intersecting a road. Because the pixel
values between the huaca and the road are so similar the application of the control parameters
24c and ideal parameters 24d were unable to separate the feature from the surrounding pixels.
The low vegetation study areas yielded unique results. While the vegetation around the
huaca was not as spectrally distinct as an area with dense vegetation, a large section of the
feature was identifiable (Figure 25). This is also the only case with no errors of commission,
only omission. This test case highlights the benefits of using an object based classification
method, where multiple vegetation classes on the huaca were able to be identified. Even though
spectrally distinct, additional parameters provided the information necessary to extract the area.

The application of L1 parameters to L2 can be seen in Figure 26. Again, 26a is a false
color composite, 26b is the NDVI 26c is the color coded feature extraction from the application
of L1 parameters, and 26d is the color coded feature extraction after the development of
individualized parameters. Again, application of control parameters did not identify the huaca as
well as development of individualized parameters for the scene. As seen, the ideal parameters
performed better in located the area extent that the huaca encompasses.
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Figure 25: L1 as False Color, NDVI, and Color Coded Feature Extraction (top)
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Figure 26: L2 as False Color, NDVI, L1 Parameters, and Individualized Parameters (top)
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In summary, each vegetation class required different parameters. The application of the
control parameters did not necessarily identify the huaca as well as the development of the
idealized parameters. This was true for each case except for H2, where the application of
different parameters yielded the same area results.
4.7 Conclusions

The methods described here provide the theoretical base for cultural resource managers
and archaeologists to use remote sensing in the identification of above surface ancient features.
Overall, feature extraction methods performed better than traditional pixel based classifications.
This is supported largely by the significant difference in overestimations by the pixel based
classifiers. The use of high resolution data was crucial for this analysis. Because of the size of
the huacas, imagery with lower spatial resolution could possibly correctly identify these features.
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CHAPTER V
DISCUSSION & CONCLUSIONS

5.1 Discussion

This thesis met its specific objectives to 1) To assess the current and historic land use in
the Chicama Valley, and 2) test the applicability of high resolution multispectral satellite data in
locating archaeological features associated with the Moche. The first objective was first met in
the qualitative land characterization provided in Chapter 2. The technical description of the
parameters that govern calculation of NDVI provided additional information about the specific
states of land cover in the Chicama valley at the time that the image was acquired. The second
objective was met by the hands on application of and manipulation of satellite data through
preprocessing techniques, atmospheric corrections, and the application of classification and
feature extraction methods. The methods described here provide cultural resource managers with
information to identify the extent of ancient features across a large landscape and display a
unique application of remote sensing analysis for archaeological purposes.
Among the methods employed and results acquired, there are unique contributions to the
cultural resource managers and archaeological communities. First, the identification of the
geometrical extent of ancient features from satellite imagery provides detail about these ancient
structures, detail that usually requires ample surveying time to assess. Second, limitations in the
traditional pixel based classifications tested here were established, showing that they cannot
provide the level of detail that newer object based classification methods can. Third, the methods
described here focused on a particular valley with validated survey points. If replicated in a
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neighboring valley, huacas may be identified for survey, providing additional validation points
for the methods described here.
For the operational use of these methods it is necessary to understand the rigors required
to appropriately use satellite data. It should be understood that using atmospherically corrected
reflectance measurements is the only way to obtain accurate estimations about the ground
surface. Without proper use the data cannot be applied with any certainty.
5.2 Recommendations for Improvement

Fine spatial scale land information can be used in an object based classification to
identify features is shown here. Yet there remain many areas for improvement and research that
results from this work. Firstly, this study based its land characterization on a single vegetation
index, NDVI. While it is the most commonly used and well tested index, it can be affected by
local variations in reflected radiation associated with different land cover types. For example, a
field that has recently been planted has more soil exposed than does a field at full maturation.
The soil adds noise to the reflected radiation, resulting incorrect assessment of true reflectance.
This has been one criticism of the widely discussed NDVI. To account for these local variations
vegetation indices have been further developed to account for these sensitivities. One of these is
the Soil Adjusted Vegetation Index (SAVI). Developed by Huete in 1988, this index includes a
correction factor to minimize the noise caused by variations in the soil reflectance [Jones and
Vaughan, 2010]. Soil backgrounds can influence canopy spectra calculated vegetation indices,
especially seen in areas where soil brightness variations are great because of moisture
differences, roughness variations, shadow, or organic matter [Huete, 1988]. The equation for
SAVI:
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SAVI =

(𝑁𝐼𝑅−𝑅𝑒𝑑)

(𝑁𝐼𝑅+𝑅𝑒𝑑+𝐿)

(5.1)
To normalize the soil substrate variations, Huete developed three adjustment factors to
apply depending on the density of the vegetation, low vegetation (L = 1), intermediate vegetation
( L = 0.5), and high vegetation ( L = 0.25).
Because of the steadiness of temperatures and moisture in the Chicama Valley, no two
fields will be at the exact stage of growth. Therefore, it is difficult to compare spectra of
multiple fields without accounting for the differences in vegetation density. The SAVI index
allows for an observation of the fields, minimizing the effects of the surround soil and makes a
comparison between the fields possible.
This study used band 7 and band 5 from WorldView-2 to calculate NDVI. This did not
fully exploit the spectral capabilities of the WorldView-2 data that has two NIR and two red
bands. The use of the other two bands could minimize errors inherent with the NDVI.
Additionally, simply the inclusion of other bands within WorldView-2 could provide more
information about the land. Limiting the classifications to analyze the NDVI instead of the full 8
band combination of the WorldView-2 data limited the study. Furthermore, the additional
textural analyses along with spectral from the WorldView-2 data could provide an improved
estimation of vegetation biomass [Eckert, 2012]. Future research should be oriented toward the
use of additional bands and vegetation indices that could provide more information about above
and sub surface archaeological features. For the trained remote sensing scientist with ample time
and money, validation of subsurface huacas that were indicated in the imagery but not reported
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here would provide valuable insight about the landscape of the Moche. This would illuminate
information about the true extent of these features that have been ploughed under, buried from
our sight. In this case the powers of remote sensing are great, expanding the wavelengths we are
able to ‘see’.
There is the slight potential for errors inherent in the geolocation of the WorldView-2
data itself. WorldView-2 geolocation is performed by compared a surveyed ground point to a
corresponding feature in an image. The error is measured by calculating the difference between
the observed location in the product and the survey location. Furthermore, the basic product used
in this study is not corrected for offsets produced by the terrain. This may influence locating
features on the ground based on satellite studies. For this project this is relevant since the bulk of
the analysis focused on the area extent of the huaca.
Finally, additional classification methods such as the use of a parallelipeped classifier
could provide estimations about huaca extent not identified here. The parallelipiped classifier
requires the number of classes to be specified prior to categorization. The method is termed
parallelepiped because of its multi dimensional version of a two dimension parallelogram
[Mather and Koch, 2010]. The parallelepiped structure is defined by an estimate for the lowest
and highest pixel values to be used in the classification. Usually the range is defined by the
highest and lowest DN values in each band or the specific feature. Pixels are classified to
different category ranges, lying within or outside of the region.
In summary, the use of additional bands, vegetation indices, and classifiers would
provide more information about the location and extent of the Mochican huacas. Furthermore,
these methods could be applied to other neighboring valleys where survey points aren’t
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available. In order to validate the methods here survey points were required. However, the
methods could be repeated in a neighboring valley to provide an idea of the number of huacas on
the ground.
5.3 Conclusions

There are qualitative impressions of this study based on the results presented here.
Overall this thesis aimed to test the effectiveness of different methods in feature identification. In
this way the thesis was successful in testing three different methods, k-means, ISODATA, and
feature extraction obtaining unique results from each. It is apparent from the results that there is
overall non uniformity in methods. K-means and ISODATA did not identify the huaca as a
spectrally distinct feature on the ground. Feature extraction did identify a huaca as spectrally
distinct, however, the methods needed to be modified for each land class and each individual
huaca. Even when the parameters were tweaked for the individual site, it did not always
completely identify the extent of the huaca. Furthermore, the cost of acquiring the commercial
WorldView-2 data, coupled with the time, and lack of quantitative measures does not support the
claim that classification and feature extraction methods applied to remote sensing is a superior
way to identify these above ground archaeological features. Heads up digitization by a
knowledgeable user could identify more features better and there is potential for identification of
subsurface features using some of the methods presented in this thesis. Analysis of subsurface
features is not contained here because of the lack of validation data available.
The analysis presented here can be built on with future efforts. However the utility and
applicability of remote sensing for huaca area identification should be questioned. Simply, what
is the utility in this analysis? The human eye is able to distinguish the features on the ground well
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with imagery that has high spatial resolution. In this case, the amount of time that contributed to
the digitization of each huaca was a fraction of the time that it took to spectrally identify it with
classification and feature extraction methods. It is recommended that imagery be used for
protection of cultural resources and obtaining an understanding of culturally sensitive areas, but
not necessarily to identify the area extent of these resources.
The value of cultural history and qualitative research about the Moche cannot be
understated. Remote sensing provides access to a landscape that is highly guarded by local
landowners. While the methods described here can provide more information about Moche
distribution, the quality and function of each huaca can only be obtained from ground research.
More thorough analysis of the Moche culture history could illuminate aspects of the Moche
society potentially relevant for today. Overall, remote sensing provided a gateway for targeting
on the ground efforts for increased knowledge of past land use and human adaptations to the
environment.
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APPENDIX A
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A.1: H1 Study Area 1

A.2: H2 Study Area
97

A.3: M1 Study Area
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A.4: M1 Study Area
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A.5: L1 Study Area
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A.6: L2 Study Area
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APPENDIX B

B.1: NDVI Histogram H1

B.2: NDVI Histogram H2

B.3: NDVI Histogram M1
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B.4: NDVI Histogram M2

B.5: NDVI Histogram L1

B.6: NDVI Histogram L2
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APPENDIX C

C.1: ISODATA and k-means on L1 (top) Study Sites (bottom)
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C.2: ISODATA and k-means on L2 (top) Study Sites (bottom)
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C.3: ISODATA and k-means on M1 (top) Study Sites (bottom)
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C.4: ISODATA and k-means on M2 (top) Study Sites (bottom)
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C.5: Correlation Matrix on WorldView-2 Image
APPENDIX D

D.1: ISERV ISODATA Classification
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The use of NIR and red bands provided a way to characterize the land surface in this heavily
agriculturally oriented valley. Simple use of visible bands as seen in the use of ISERV imagery
did not provide the same identification of the features.
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